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FOREWORD 
" 
This report was prepared by the Research Triangle Institute, Durham, 
North Carolina, on NASA Contract NASr-222, "Feasibility Study of Piezo- 
transistor Accelerometer". This work was administered under the directions 
of the Instrument Research Division at Langley Research Center by Mr. John 
Oliver0 and of the Office of Advanced Research and Technology Division at 
NASA Headquarters by Dr. Wolfgang Menzel. 
This study began in June 1964 and was concluded in September 1965. 
It was performed by the Solid State Laboratory of the Research Triangle 
Institute under the general direction of Dr. R. M. Burger. While Dr. J. J. 
Wortman was the project engineer, the entire technical staff has participated 
to some degree in this effort. Specific credits are due Dr. J. R. Hauser, 
R. R. Stockard, H. L. Honbarrier and A. D. Brooks for their invaluable contri- 
bution in this investigation. 
Part of the results of this work has been submitted to Duke University 
as a Ph.D. dissertation by J. J .  Wortman under the title "Effect of Mechanical 
Strain on P-N Junctions" and published by NASA as a contractor Report NASA 
CR-275. 
. 
CONTENTS 
LIST OF FIGURES 
LIST OF TABLES 
LIST OF SYMBOLS 
I. INTRODUCTION AND SUMMARY 
11. ENERGY BAND STRUCTURE AND DEFORMATION POTENTIAL THEORY OF 
Ge AND Si 
2.1 Energy Band Structure, 4 
2.2 Deformation Potential Theory, 9 
111. EFFECT OF STRAIN ON JUNCTION PARAMETERS 
3.1 Carrier Concentration, 24 
3.2 Effect of Strain on the "Ideal" Current Components 
of p-n Junctions, 31 
3.3 Effect of Strain on the Space Charge Generation- 
Recombination Current in p-n Junctions, 35 
3.4 Effect of Stress on Transistor Characteristics, 39 
3.5 Discussion, 46 
IV. EXPERIMENTAL 
4.1 Introduction, 49 
4.2 Experimental Apparatus, 49 
4.3 Mesa Diodes, 54 
4.4 Planar Diodes, 74 
4.5 Transistors, 75 
4.6 Four-Layer Diodes, 88 
V . TRANSDUCER DEVELOPMENT 
5.1 Introduction, 95 
5.2 Indentor Point, 95 
5.3 Cantilever Beam, 97 
5.4 Diaphram, 98 
5.5 Semiconductor Needles, 98 
5.6 Silicon Needle Development, 99 
iv 
ix 
X 
2 
4 
24 
49 
95 
CONTENTS (Con'd.) 
VI. ACCELEROMETER DEVELOPMENT 110 
6.1 Introduction, 110 
6.2 Accelerometer Design, 110 
6.3 Fabrication, 116 
6.4 Comparison with Existing Types of Accelerometers, 125 
VII. CONCLUSIONS 
APPENDIX A. NOTATION USED TO REPRESENT STRESS AND STRAIN AND 
CALCULATIONS FOR SEVERAL CRYSTAL ORIENTATIONS 
APPENDIX B. EFFECT OF STRAIN ON THE EFFECTIVE MASS 
APPENDIX C. EFFECT OF STRAIN ON THE MINORITY CARRIER LIFETIME, 
CARRIER MOBILITIES, DIFFUSION CONSTANTS AND DIFFUSION 
LENGTHS 
APPENDIX D. EFFECT OF LARGE STRAINS ON CONDUCTIVITY 
APPENDIX E. SPACE CHARGE GENERATION-RECOMBINATION CURRENT IN P-N 
JUNCTIONS 
LIST OF REFERENCES 
130 
133 
138 
145 
150 
152 
159 
LIST OF FIGURES 
Figure  Page 
1 Energy Band S t r u c t u r e  of  Germanium f o r  t h e  all> and d O O >  
D i r e c t i o n s  i n  k-space 6 
2 Energy Band S t r u c t u r e  of  S i l i c o n  f o r  t he  d l l > a n d  <loo> 
Direct ions in  k-space 6 
3 The Valence Bands of S i l i c o n  nea r  = 0 7 
4 Mult i -va l ley  Energy Surfaces  f o r  the Conduction Band o f  n- type 
S i 1  icon 8 
5 Cross-sect ion of  t he  Valence Band Energy Surfaces  a Constant  
Distance Below the  Origin 9 
6 The S p l i t  Valence Bands of  S i l i c o n  f o r  a Compressional S t r e s s  13  
7 Var i a t ion  of the Band Edge Po in t  as Measured from t h e  Or ig in  
i n  t h e  [ loo ] -d i r ec t ion  wi th  Respect t o  t h e  Shear S t r a i n  e4 17 
8 Rat io  o f  S t ressed  t o  Unstressed Minori ty  Carrier Densi ty  f o r  Ge  
as a Function o f  S t r e s s  f o r  Hydros ta t ic ,  [ loo] ,  [110], and 
[111] Uniaxial  S t r e s s  29 
9 Rat io  o f  S t ressed  t o  Unstressed Minori ty  Carrier Densi ty ,  y (e),  
f o r  S i  as a Function of  [ l O O ] ,  [110], [ill] and Hydrostatyc 
S t r e s s  30 
10 S t r e s s e d  p-n Junct ion  Model 32 
11 E f f e c t  of Stress on T r a n s i s t o r  Base Current  f o r  a Symmetrically 
S t r e s sed  E m i  t t e r - b a s e  Junc t ion  43 
1 2  E f f e c t  o f  Stress on Co l l ec to r  Curren t  f o r  a S p e t r i c a l l y  
S t r e s s e d  Emi t te r -base  Junc t ion  44 
1 3  Col l ec to r  and Base Current  as a Function o f  Emi t te r -base  
Voltage fo r  Several Stress Levels i n  t h e  E m i t t e r  Only 45 
14 E f f e c t  o f  Stress on Normalized Co l l ec to r  Curren t  f o r  Constant  
E m i t t e r  Current and f o r  Constant  Base Current  47 
LIST OF FIGURES (Con'd.) 
Figure 
15 Schematic of Experimental Stressing Apparatus 
16 Photograph of Experimental Stressing Device 
17 Stressing Jig 
18 Schematic of Diode Test Circuit 
19 Schematic of Transistor Test Circuit 
20 Sketch of Mesa Diode Structure 
21 Photomicrograph of a 6 Mesa Diode Pattern 
22 Forward I-V Characterization of a Mesa Diode Under Stress 
23 Current vs Forward Voltage Characteristics of a Mesa Diode 
Under Various Stress Levels 
24 Current as a Function of Stress at Several Voltage Levels for 
the Diode Characteristics Shown in Fig. 23 
25 yv(e) as a Function of Stress for Two Diodes Made on the Same 
(111) Wafer 
26 (e) as a Function of Stress for a [loo], 11111, and [1111 
'bniaxial Stress 
27 I-V Characteristics of a Mesa Diode Under Varying Stress 
Conditions 
28 I-V Characteristics of a Mesa Diode Under Varying Stress 
Conditions 
29 Reverse I-V Characteristics of a Mesa Diode 
30 I-V Characteristics as a Function of Temperature under no 
Load Condition 
31 I-V Characteristics as a Function of Temperature for a Load of 
8.1 x 1O1O dynes/cm2 
32 I-V Characteristics as a Function of Temperature for a Load of 
1 x lolo dynes/cm2 
33 Current as a Function of Temperature for the Three Stress 
levels Shown in Figures 30, 31, and 32 
Page 
50 
51 
52 
53 
53 
54 
56 
58 
59 
61 
63 
65 
66 
67 
69 
70 
71 
72 
LIST OF FIGURES (Con'd.) 
Figure Page 
34 Bridge Circuit for Eliminating Temperature in Diode Sensors 73 
35 Schematic of Planar Diode Structure 74 
36 I-V Characteristics of a Planar Diode Under Several Nominal 
Stress Conditions 76 
37 Current vs Nominal Stress for a (111) Plane Planar Diode for 
Several Voltage Levels 77 
38 Reverse I-V Characteristics of a Planar Diode Under Stress 78 
39 Cross section of a Planar Transistor Showing Points of 
S t res s Ap p 1 ica t ion 79 
40 IC vs Vc for a 2N3053 Under Stress 80 
41 Ratio of Stressed to Unstressed Collector Current of a 2N1958 
n-p-n Transistor with Base Current Held Constant and with 
Emitter Current Held Constant 82 
42 Collector Current as a Function of Emitter Base Voltage for 
Constant Base Current and Several Stress Levels in an n-p-n 
Silicon Transistor Stressed in the Emitter Area with a Steel 
Needle 83 
43 Base Current as a Function of Stress with the Emitter-Base 
Voltage Held Constant for an n-p-n 2N2102 Transistor 
Stressed in the Emitter Area with a Sapphire Needle 84 
44 Base Current as a Function of Emitter Base Voltage for Three 
Stress Levels in an n-p-n Silicon Transistor 85 
45 Base Current of a Silicon Transistor as a Function of Emitter- 
Base Voltage with Constant Emitter Current and with Stress 
Applied to the Base with 0.7 Mil Sapphire Needle 
46 Sketch of Mesa Type Four Region Device 
47 Transistor Equivalent of a &Layer Device 
48 I-V Characteristics of a Four Region Device 
49 I-V Characteristics of a Mesa 4-Layer Device Under Stress 
50 Oscillator Circuit for 4-Layer Diodes 
51 Output Waveform of the Circuit Shown in Fig. 50 
87 
89 
89 
90 
91 
92 
92 
LIST OF FIGURES (Con'd.) 
Figure Pane 
52 Oscillator Amplitude and Frequency Change ( A f )  as a Function 
of Force for a 4-Layer Switch Oscillator Under Stress 93 
53 Frequency Change as a Function of Stress for a Typical 
4-Layer Switch Oscillator 94 
54 Photograph of a Silicon Needle and A Silicon Bar (width of 
bar is 20 mils) 100 
55 Photograph of Apparatus used to Fabricate Silicon Needles 101 
56 p-n Junction Stress and Strain Sensor, Mesa Type 102 
57 p-n Junction Stress and Strain Sensor, Planar Type 10 4 
58 Photomicrograph of a Finished Needle Sensor (the 1 
represents 1 cm) 105 
59 Forward I-V Characteristics of a Silicon Needle Sensor 
Under Stress 106 
60 Forward I-V Characteristics of a Silicon Needle Sensor 
Under Stress, Planar Type 107 
61 Reverse I-V Characteristics of a Silicon Needle Sensor Under 
Stress, Planar Type 10 8 
62 Mechanical Equivalent of an Accelerometer 114 
63 Photograph of a Laboratory Accelerometer, RTI No. 1 118 
64 Photograph of a Laboratory Accelerometer, RTI No. 2 119 
65 Photograph of a Laboratory Accelerometer (Less Seismic Mass). , 
RTI No., 3 120 
66 Photograph of a Laboratory Accelerometer, RTI No. 4 121 
67 Photograph of a Laboratory Accelerometer, RTI No. 5 122 
68 Photograph of a Laboratory Accelerometer, RTI No. 6 123 
69 
70 Calibration Curve of a Laboratory Accelerometer, Forward 
Accelerometer Calibration Curve, RTI No. 5, (Vdf 2 .3v) 124 
Biasedi R.TL No. 6 126 
Figure 
LIST OF FIGURES (Con'd.) 
71 Calibration Curve of a Laboratory Accelerometer, Reverse 
Biased, RTI No. 6 
72 Generation-Recombination Junction Model 
( v i i i )  
~ 
Page 
127 
154 
LIST OF TABLES 
Table - Pane 
I Deformation Potential  Coeff ic ients  (ev/unit d i la t ion)  for 
Ge and S i  20 
I1 Values o f  the Shear Deformation Potential  Coeff ic ient  D: for  
Boron Doped S i  as a Function of  Doping Concentration 21 
I11 Sensor - S e i s m i c  Mass Selector Chart 112 
I V  Accelerometer Characteristics Comparison Chart 128 
LIST OF SYMBOLS 
a 
a 
a 
% 
e A 
Asn 
A 
SP 
4r 
Bb 
Be 
ci j  Y si j  
c. p. 
6 
'i j 
a; 
ae 
AE 
g 
Dp 9 Dn 
l a t t i c e  spac ing  (cm) 
dimensionless  band parameter 
grounded base  c u r r e n t  ga in  
t o t a l  area minus s t r e s s e d  area on base s i d e  of  e -b  junc t ion  
( cm2) 
t o t a l  area m'nus s t r e s s c d  area on emit ter  s i d e  of  e-b 
junc t ion  (cm ) 3 
s t r e s s e d  areas a t  t h e  edge of  t h e  d e p l e t i o n  r eg ion  on t h e  
n s i d e  o f  t h e  junc t ion  (cm2) 
s t r e s s e d  area a t  t h e  edge of t h e  d e p l e t i o n  r eg ion  on the  
p s i d e  of t h e  j u n c t i o n  (em2> 
t o t a l  j u n c t i o n  area (cm ) 2 
s t r e s s e d  area on base s i d e  d iv ided  by t o t a l  e-b j u n c t i o n  area 
s t r e s s e d  area on emitter s i d e  d iv ided  by t o t a l  e -b  j u n c t i o n  
a r e a  
s t i f f n e s s ,  compliance c o e f f i c i e n t  (cm /dyne) ,  (dyne/cm ) 
2 2 
c y c l i c  permutat ion 
energy s e p a r a t i o n  of  t h e  "heavy" and " l i g h t "  ho le  bands from 
the s p l i t - o f f  band 
Kronecker d e l t a  
energy band i n  k-space 
energy band i n  k-space 
cons t an t  (0.5 ev)  
change i n  t h e  energy  gap (ev) 
h o l e ,  e l e c t r o n  d i f f u s i o n  c o e f f i c i e n t  (cm /set) 2 
LIST OF SYMBOLS (Con'd.) 
DU 
Dd 
D' 
E 
U 
EO 
Et 
Evl 
EV2 
EV3 
e 
b 
e 
nPep 
e 
e 
e 
de forma t i o n  p o t e n t i a l  c o e f f i c i e n t  (ev) 
deformation p o t e n t i a l  c o e f f i c i e n t  (ev) 
de formation p o t e n t i a l  c o e f f i c i e n t  (ev) 
energy (ev) 
energy of conduction band edge (ev) 
energy of the Fermi l e v e l  (ev) 
energy gap (ev) 
i n t r i n s i c  Fermi l e v e l  (ev) 
energy as a funct ion o f  i; (ev) 
energy under zero s t r a i n  c o n d i t i o n s  (ev) 
energy of t r a p  (ev) 
energy of the heavy hole  band (ev) 
energy of the l i g h t  h o l e  band (ev) 
energy of the s p l i t - o f f  h o l e  band (ev) 
h y d r o s t a t i c  s t r a i n  
s t r a i n  on base s i d e  of e-b j u n c t i o n  
s t r a i n  on emi t t e r  s i d e  o f  e-b j u n c t i o n  
p o s i t i o n  dependent s t r a i n s  a t  the  edge of t h e  d e p l e t i o n  
r eg ion  on the  n and p s i d e s  of t h e  j u n c t i o n  
s t r a i n  components r e f e r r e d  t o  t h e  c r y s t a l  axes  
valence band edge p o i n t ;  "heavy" and " l i g h t "  ho le s  
valence band edge po in t ;  s p l i t - o f f  band 
r a t i o  of minori ty  c a r r i e r  d e n s i t y  w i t h  s t r a i n  t o  t h a t  
w i thou t  s t r a i n  
P lanck ' s  
.-._ 
cons tan t  ([6.624/2n] X lo-" e r g - s e c )  
LIST OF SYMBOLS (Con'd.) 
H Hamiltonian (ev) 
Hamiltonian under ze ro  s t r a i n  (ev) 
HO 
I t o t a l  c u r r e n t  (amp) 
base c u r r e n t  (amp) 'b 
I b S  
C 
I 
I n 
'no 
I 
I 
P 
PO 
base c u r r e n t  i n  t h e  s t r e s s e d  r eg ion  (amp) 
c o l l e c t o r  c u r r e n t  (amp) 
e l e c t r o n  c u r r e n t  (amp) 
e l e c t r o n  c u r r e n t  under ze ro  s t r a i n  (amp) 
hole  c u r r e n t  (amp) 
hole  c u r r e n t  under ze ro  s t r a i n  (amp) 
e l e c t r o n  component of emitter c u r r e n t  (amp) 'ne 
I hole component of emitter c u r r e n t  (amp) 
I S  
Pe 
r eve r se  s a t u r a t i o n  c u r r e n t  (amp) 
Iu (e) generation-recombination c u r r e n t  (amp) 
Iu ( 0 )  generat ion-recombinat ion c u r r e n t  w i th  ze ro  a p p l i e d  s t r a i n  
(amp S ) 
2 "ideal"  c u r r e n t  d e n s i t y  (amp/cm ) 
genera t ion-recombina t ion c u r r e n t  dens i t y  (amp/cm ) 
Ju(o) generat ion-recombinat ion c u r r e n t  d e n s i t y  (amp/cm ) 
Jx,J , J  , J  angular  momentum matrices 
k Boltzmann's c o n s t a n t  ( 8 . 6 2  x 10 e v / O K )  
JI 
JU 
2 
2 
Y Z  
-5  
- 
k -1 wave vec to r  (cm ) 
1 d i s t ance  of, band edge p o i n t  i n  k-space as measured from X 
po in t ,  K~ = - [2na-l  - Kx], (cm-') K x  
LIST OF SYMBOLS (Con'd.) 
R spreading r e s i s t a n c e  (ohm) 
P 
0 
0 
T 
e 
T 
'no 
PO 
7 
U 
V 
V 
'cb 
'eb 
0 
V 
W 
[ I d  
res i s  t i v i  t y (ohm- cm) 
2 stress (dyne/cm ) 
c o n d u c t i v i t y  (ohm .cm ) -1 -1 
a b s o l u t e  temperature  ( K) 
c o n s t a n t  depending on t h e  device (dimensionless)  
l i f e t i m e  (sec)  
l i f e t i m e  o f  e l e c t r o n s  i n j e c t e d  i n t o  h igh ly  p-type 
material (sec) 
l i f e t i m e  of ho le s  i n j e c t e d  i n t o  h i g h l y  n-type material 
(set) 
-1 s t eady  state recombination rate (sec ) 
band parameter 
number of conduction minima 
a p p l i e d  v o l t a g e  (vol t )  
c o l l e c t o r - b a s e  vol tage ( v o l t )  
emi t t e r -base  vo l t age  ( v o l t )  
b u i l t - i n  j u n c t i o n  p o t e n t i a l  ( v o l t )  
width of space charge r eg ion  (cm) 
widths  of t h e  n,  p and d e p l e t i o n  r eg ion  (cm) 
deformation p o t e n t i a l  c o e f f i c i e n t  (ev) 
deformation p o t e n t i a l  c o e f f i c i e n t  (ev) 
de formation p o t e n t i a l  c o e f f i c i e n t  (ev) 
de format ion p o t e n t i a l  c o e f f i c i e n t  (ev) 
LIST OF SYKBOLS (Con'd. ) 
Lp 9 Ln 
m 
m 
C * 
i j  
m 
0 
"vl 
mv2 
9 3  
mv 
* 
n 
"i 
n i o  
n 
n 
N 
P 
PO 
P 
p1  , "1 
Pn 
Pno 
cons t an  t s 
d i r e c t i o n  cos ines  
ho le ,  e l e c t r o n  d i f f u s i o n  l e n g t h  (cm) 
e f f e c t i v e  mass (gm) 
components of e f f e c t i v e  mass t e n s o r  (gm) 
e l e c t r o n  e f f e c t i v e  mass i n  p a r a l l e l  d i r e c t i o n  (gm) 
e l e c t r o n  e f f e c t i v e  m a s s  i n  t r a n s v e r s e  d i r e c t i o n  (gm) 
e l e c t r o n  rest  mass (9.109 x 10 gm) - 28 
2 e l e c t r o n  m o b i l i t y  (cm / v o l t .  sec) 
h o l e  m o b i l i t y  (cm / v o l t .  sec) 
e f f e c t i v e  mass o f  heavy h o l e s  (gm) 
e f f e c t i v e  mass o f  l i g h t  h o l e s  (gm) 
2 
e f f e c t i v e  mass of s p l i t - o f f  band h o l e s  (gm) 
d e n s i t y  of states e f f e c t i v e  mass o f  h o l e s  (gm) 
e l e c t r o n  d e n s i t y  o r  c o n c e n t r a t i o n  ( ~ m - ~ )  
i n t r i n s i c  carrier d e n s i t y  (cm ) 
z e r o  s t r a i n  i n t r i n s i c  carrier d e n s i t y  (cm ) 
d e n s i t y  of e l e c t r o n s  i n  p- type material (cm ) 
z e r o  s t r a i n  d e n s i t y  of e l e c t r o n s  i n  p-type material (cm ) 
band parameter 
ho le  d e n s i t y  o r  c o n c e n t r a t i o n  ( ~ m - ~ )  
hole, e l e c t r o n  d e n s i t y  ( ~ m - ~ )  
-3  
-3 
-3 
-3 
d e n s i t y  of h o l e s  i n  n- type material (cm-'1 
z e r o  s t r a i n  d e n s i t y  of h o l e s  i n  n- type material ( ~ m - ~ )  
- 19 
e l e c t r o n i c  charge on an e l e c t r o n  (1.602 X 10 C O U l )  
(xiii) 
9 
Chapter I 
INTRODUCTION AND SUMMARY 
The object of this research has been to determine the feasibility of 
utilizing p-n junction devices as a transducer for accelerometers. 
has consisted of a theoretical study of the effects of mechanical strain on 
semiconductor (Ge and Si) parameters and in particular those parameters associ- 
ated with p-n junctions. 
which silicon diodes, transistors, and 4-region devices have been tested by 
observing their electrical characteristics under mechanical stress. 
accelerometers utilizing diodes as the transducer have been fabricated and 
tested. 
This study 
An experimental investigation has been performed in 
Laboratory 
It has been known for sometime that large mechanical stresses 
(s  lo8 - 10l1 dynes/cm ) have significant effects upon the electrical charac- 
teristics of p-n junctions. Early work treated the effect of hydrostatic 
pressure opon diodes [l I. Recent experimental investigations [2,3,4,5,6,7,8, 
9,103 have shown that anisotropic stress has a larger effect upon p-n junction 
characteristics than does hydrostatic stress. 
phenomenon has been developed which is based on the distortion of the energy 
band structure of the semiconductor under a general stress condition. 
cal expressions have been developed which describe the characteristics by 
p-n junction devices under stress. 
qualitative agreement with experimental results. 
2 
A theoretical model for the 
Analyti- 
The theory has been found to be in good 
2 
A series of experiments have been designed and performed on a variety 
of semiconductor devices the aim of which has been to delineate the under- 
lying physical mechanisms responsible for the phenomenon. Both mesa and 
planar diodes have been studied to determine the effects of mechanical strain 
on the electrical characteristics of single p-n junctions. Mesa diodes have 
been used as a test structure to determine the effects of crystal orientation 
and junction depth on the phenomenon. The major effect of stress on single 
junction devices is to lower the eiektrical resistance. Tests have also 
been made to determine the effects of temperature and long term static loading 
on the phenomenon. 
Both commercial and laboratory transistors and 3-junction devices 
(4-layer diodes) have been studied experimentally. The major effect of stress 
on transistors is to lower the gain of the device. The amount of stress 
induced change in transistor parameters has been found to depend on the mode 
of operation and location of the stress field. Experiment has shown that the 
major effect of stress on the electrical characteristics of 4-layer diodes is 
to lower the breakdown voltage. Four-layer diodes have been incorporated 
in an oscillator circuit and stress applied to the diode with the result that 
the oscillator frequency increases with increasing stress. 
The experimental study has shown that practically any semiconductor 
junction device is a potential transducer of mechanical stress. A s  a result 
of these experiments a much better understanding of the piezojunction pheno- 
menon has been gained and in addition, a great deal of technology has been 
developed concerning p-n junction transducers in general. 
A new method for applying high stress levels to semiconductor junctions 
has been developed for use in transducer applications--a silicon needle with 
a p-n junction or junctions on the apex of the needle. Laboratory accelerometers 
3 
have been fabricated and tested using the silicon needle approach to p-n 
junction transducers. 
piezojunction effect in semiconductors as the transducer in accelerometers. 
Accelerometers using this effect can offer such advantages as ac and dc response, 
reduced weight and power, direct frequency modulated output, and high frequency 
response. The major disadvantage is temperature sensitivity. 
These tests have shown that it is feasible to use the 
It can be concluded from this work that p-n junction devices can be 
used in a variety of transducer applications. 
results in mechanical force and displacement can theoretically be detected by 
Any physical phenomenon which 
p-n junction devices if the force is on the order of 10’ dynes or larger. 
Several potential applications other than accelerometer transducers are 
pressure, force, stress and strain, and displacement. 
Chapter I1 
ENERGY BAND STRUCTURE AND DEFORMATION POTENTIAL 
THEORY OF G e  AND S i  
2.1 Energy Band S t r u c t u r e  
Germanium and s i l i c o n  form s i n g l e  c r y s t a l s  w i t h  t h e  diamond cubic  
s t r u c t u r e .  The p e r i o d i c i t y  and t h e  binding energy of t he  atoms i n  t h e  
c r y s t a l  l a t t i c e  impose c e r t a i n  quantum mechanical r e s t r i c t i o n s  on the 
energy t h a t  e l e c t r o n s  i n  the  crystal  can have [ll]. As i s  the  case f o r  
a l l  semiconductors, germanium and s i l i c o n  each have a forbidden energy 
range (energy gap) s e p a r a t i n g  the  valence levels and the  conduction levels. 
It i s  t h i s  energy gap t h a t  g ives  semiconductors t h e  d e s i r a b l e  e lec t r ica l  
p r o p e r t i e s  which they  possess.  As w i l l  be d i scussed  la ter ,  a mechanical 
deformation o f  t h e  c r y s t a l  l a t t i ce  changes t h e  forbidden gap and thereby 
changes the  e l e c t r i c a l  p r o p e r t i e s  of t h e  semiconductor. 
It is  convenient, from quantum mechanical cons ide ra t ions ,  t o  d e s c r i b e  
the energy bands i n  terms of momentum space (k-space). The energy bands of 
germanium and s i l i c o n  are func t ions  of p o s i t i o n  i n  k-space. The maximum 
valence l e v e l s  and the minimum conduction levels are o f  i n t e r e s t  he re  
s i n c e  i t  i s  these l e v e l s  t h a t  determine t h e  energy gap. The fo l lowing  i s  
a d i s c u s s i o n  of t h e  u n s t r a i n e d  energy s t r u c t u r e  o f  G e  and S i .  
valence levels occur a t  k = (000) and t h e  minimum conduction levels occur  
i n  t h e  <111> and <loo> d i r e c t i o n s  f o r  germanium and s i l i c o n  r e s p e c t i v e l y .  
The maximum 
(4) 
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Figures  1 and 2 are ske tches  o f  t h e  band s t r u c t u r e  of germanium and s i l i c o n  
as a func t ion  o f  f o r  t he  Q l l > a n d  <100> d i r e c t i o n s  [12]. The n o t a t i o n  
used t o  i n d i c a t e  energy s u r f a c e s  and k-space p o i n t s  are those adapted from 
group theory [ 131. 
Germanium has e i g h t  conduction minima which l i e  i n  t h e  <111> 
-1 d i r e c t i o n s  and are l o c a t e d  a t  the L p o i n t ,  k = na (lll), where a is the  1 
l a t t i c e  spacing. S i l i c o n  has s i x  conduction minima which occur i n  t h e  
<loo> d i r e c t i o n s  and are l o c a t e d  a t  k = 1.7na (100) which i s  approximately 
85% of the  d i s t a n c e  from k = (000) t o  k = 2na 
conduction e l e c t r o n s  are l o c a t e d  a t  t h e s e  conduction minima. The name 
"many v a l l e y "  semiconductor is  s o m e t i m e s  given t o  germanium and s i l i c o n  and 
i s  de r ived  from t h e  f a c t  t h a t  they have conduction minima i n  more than one 
k-space d i r e c t i o n .  Using t h i s  model, n-type G e  i s  a <111> v a l l e y  material 
and n-type s i l i c o n  i s  a d O O >  v a l l e y  material. 
The maximum va lence  l e v e l s ,  r' 
-1 
-1 (100) o r  t he  XI po in t .  The 
f o r  both germanium and s i l i c o n  are 25' 
l o c a t e d  a t  k = (000) and a r e  assigned an energy va lue  o f  zero f o r  conven- 
i ence .  The level i s  degenerate i n  energy. Figure 3 shows an expanded 
view o f  t h e  levels i n  S i  [14]. As can be seen, t h e r e  i s  a s l i g h t  s e p a r a t i o n  
i n  energy o f  t h e s e  bands a t  k = (000) which r e s u l t s  from the  two angular  
momentum quantum numbers j = 3/2 and j = 1/2. The r$,(j = 3/2)  level i s  
i t s e l f  degenerate  a t  k = (000) and i s  s l i g h t l y  s p l i t  f o r  k # (000) due t o  
s p i n  o r b i t  coupling. E lec t ron  spin resonance experiments have shown t h a t  
f o r  t h e  r;,(j = 3/2) level t h e  upper of t h e  bands i s  s l i g h t l y  d i f f e r e n t  i n  
shape from t h a t  of t h e  lower band and as a r e s u l t  t he  e f f e c t i v e  masses are 
d i f f e r e n t  f o r  t h e  two. The upper band g ives  
h o l e s  and the  lower band t h e  " l ight"  holes .  
r h 5 ( j  = 1/2) level  i s  u s u a l l y  neglected when 
rise t o  t h e  s o - c a l l e d  "heavy" 
I n  non-degenerate material t h e  
performing hole  populat ion 
6 
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Fig .  1. Energy Band Structure o f  Germanium for the <111> and <loo> 
Directions i n  k-space. 
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Fig. 2. Energy Band Structure o f  S i l i c o n  f o r  the dll> and <loo> 
Directions i n  k-space. 
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Fig. 3. The Valence Bands of S i l i c o n  n e a r  = 0. 
c a l c u l a t i o n s  s i n c e  it is separated i n  energy from t h e  j = 312 bands. This  
assumption i s  q u i t e  good f o r  germanium whi l e  i n  some cases i t  may n o t  be a 
good assumption f o r  s i l i c o n .  
The p o i n t s  i n  k-space where the  conduction band minima and valence 
band maxima occur  are called band edge po in t s .  I n  t h e  case of t h e  conduc- 
t i o n  bands f o r  germanium and s i l i c o n ,  if one t r a n s l a t e s  the origin i n  k-space 
t o  t h e  band edge p o i n t s ,  constant  energy s u r f a c e s  are found t o  be e l l i p s o i d s  
j * 112 
S p l i t - o f f  
Band 
k 
8 
of r e v o l u t i o n  about t he  band edge po in t s .  
v a l l e y  energy sur faces  f o r  n-type s i l i c o n ,  
Figure 4 i s  a ske tch  of  t h e  m u l t i -  
1 
F ig .  4. Mult i -val ley Energy Surfaces  f o r  t h e  Conduction Band o f  n- type 
S i 1  icon. 
Constant energy s u r f a c e s  i n  t h e  va lence  band are much more complicat-  
ed due to  t h e  degeneracy. Ea r ly  workers i n  t h e  f i e l d  assumed t h a t  t h e  
su r faces  were sphe r i ca l .  
t h e  s u r f a c e s  are warped spheres .  Figure 5 i s  a ske tch  of  t he  c r o s s -  
s e c t i o n  o f  energy s u r f a c e s  a cons t an t  d i s t a n c e  below t h e  o r i g i n  f o r  
s i l i c o n .  
Of la te ,  experiment and theo ry  have shown t h a t  
As shown, the  heavy and l i g h t  ho le  s u r f a c e s  are q u i t e  d i f f e r e n t .  
[ i i o  1 Heavy 
9 
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Fig.  5. Cross-sect ion of the  Valence Band Energy Sur faces  a Constant 
Distance Below t h e  Origin. 
2.2 Deformation P o t e n t i a l  Theory 
As one might expect ,  i f  t h e  c r y s t a l  i s  mechanically deformed the 
p e r i o d i c i t y  o f  t he  la t t ice  w i l l  be a l t e r e d  and hence t h e  energy bands w i l l  
change. 
i n  i 9 m  t o  e x p i a i n  m o b i i i t y  [is]. 
t h e  Bardeen-Shockley theory i n  formulat ing t h e i r  t r a n s p o r t  t heo ry  of 
Bardeen and Shockley f i r s t  i n t roduced  deformation p o t e n t i a l  t heo ry  
I n  ‘1955, Herriilg aild Vogt [ ? 5 ]  cx~anded 
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2.2.1 Valence Bands o f  Ge and S i  
K l e i n e r  and Roth G17] have de r ived  t h e  Hamiltonian, H, from sym- 
metry  cons ide ra t ions  which inc ludes  t h e  e f fec t  of a homogeneous s t r a i n  
es ( 8  - 1 ,2 , .  . . 6 ) ,  on t h e  va l ence  band edge: 
H - Ho + Dd(el  + e2 + e3) + 5 D u [ ( J x  2 - $ J2) e f c.p.  ] 
(2.2) 1 
2 1  + - D'[-(J J + J J ) e4 + C.P. 1 3 u 2  y z  z y  
where t h e  D's a r e  t h e  deformation p o t e n t i a l  c o e f f i c i e n t s ,  t h e  J ' s  are t h e  
4 x 4 angu la r  momentummatrices of t h e  ho le  for j = 3/2  , and H 
s t r a i n  Hamiltonian; Dd is t h e  s h i f t  pe r  u n i t  d i l a t a t i o n  of t h e  band edge, 
wh i l e  7 Du is t he  s p l i t t i n g  of t h e  band edge induced by u n i a x i a l  s h e a r  
s t r a i n  a long  t h e  [OOl] axis,--' g ives  t h e  s p l i t t i n g  s i m i l a r l y  f o r  t h e  [111] 
is  t h e  ze ro  
0 
4 
4 
3 u  
axis, 
t o  t h e  c r y s t a l l o g r a p h i c  axes. 
F i n a l l y ,  "c.p." means c y c l i c  permuta t ions  of X, y, and z r e f e r r i n g  
. 
many-valley semiconductors. The deformation p o t e n t i a l  c o e f f i c i e n t s ,  [ ]  's as 
in t roduced  by Herring and Vogt are de f ined  by 
where E i s  t h e  energy a t  t h e  band edge po in t ,  E 
and e 
A) and r e f e r r e d  t o  the  c r y s t a l l o g r a p h i c  axes. 
found to  app ly  in g e n e r a l  o n l y  f o r  t h e  conduction band o f  germanium. 
i s  t h e  u n s t r a i n e d  energy,  
are t h e  s t r a i n  components indexed i n  t h e  usua l  manner (see Appendix 
Equation 2.1 has  s i n c e  been 
0 
S 
The 
d i s c u s s i o n  t o  follow cons ide r s  i n  some d e t a i l  t h e  e f f e c t  o f  a g e n e r a l  
s t r a i n  on ttie conduction and va lence  bands o f  germanium and s i l i c o n .  
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For a Car t e s i an  coordinate  system, the  conven t iona l  r e p r e s e n t a t i o n  
f o r  t h e  angu la r  momenta f o r  j = 3/2 are [I81 
, J =  1 Jz = 7 
0 0 - 1  0 0 
0 0 
S u b s t i t u t i n g  Eq. (2.3) i n t o  (2.2) g i v e s  
where 
R3 - i R 6  
R5 - i R  4 R3 - i R 6  
0 R1 - R2 
0 9 ( 2 . 4 )  R1 - R2 -R  5 + i R 4  
-R5 - i R  4 R3 - i R 6  
2 1  
1 R5 = $ D{(? J3 )  e5; 
1 
= D/(-d3) e4.  
R6 7 D((7 $3) e 6 ;  
R4 3 u 2  
1 2  
The allowed energy l e v e l s  are found by determining the  eigenvalues  
of the Hamiltonian (d i agona l i z ing  the  Hamiltonian). Mathematically t h i s  i s  
done by s u b t r a c t i n g  the  energy, E ,  from each o f  t he  diagonal  elements of 
t h e  Hamiltonian and equa t ing  t h e  determinate  of t h e  new matrix t o  
ze ro ,  i . e .  H - 
g ives  
E = 0. Diagonal iz ing the  Hamiltonian f o r  t he  energy ‘i j 
2 2 2 2 2 1 1 2  
2 3 4  
+ R l + ( R  + R  + R  + R 5 + R 6 )  E * Eo 
o r  (2.5) 
1 2 2 2 2 112 - e e - e e ) + $D;) (e4 + e5 + e 6 ) }  1 3  2 3  
From Eq. (2.5) i t  i s  seen t h a t  t h e r e  i s  n o t  on ly  a s h i f t  of t he  l e v e l  due 
t o  D 
degeneracy. The s e p a r a t i o n  i n  energy i s  twice t h e  square r o o t  term of  
Eq. (2.5).  I f  the n e t  s t r a i n s  m u l t i p l y i n g  D are compressional s t r a i n s  then 
the  + s i g n  o f  Eq. (2.5) corresponds t o  t h e  heavy ho le  band and the  - s i g n  
corresponds t o  the l i g h t  hole  band. I f  t he  s t r a i n  i s  t e n s i o n a l  then t h e  
o r d e r i n g  of t h e  bands i s  reversed.  For convenience of n o t a t i o n ,  l e t  t h e  
heavy ho le  band be Evl and the l i g h t  hole  band be Ev2. 
changes i n  t h e s e  levels f o r  compressional s t r a i n  are 
b u t  a l s o  a s p l i t t i n g  of t h e  leve1,due t o  DU and D‘ which removes the  d U’ 
U 
From Eq. (2.5) t h e  
2 2 2  2 2 uvl = D~ e + (- D 1 (el + e2  + e3 - e e - e e - e e ) 3 u  1 2  1 3  2 3  
(2.6a) 
1 2 2  2 2 1 1 2  
(e4 + e5 + + T ( D ~ )  
13 
and 
- e e  - e e )  2 2 2  2 2  
d 3 u  3 mV2 = D e - E(- D 1 (el + e 2  + e  - ele2 
(2.6b) 
For t h e  sake o f  completeness t h e  change i n  the  s p l i t - o f f  band 
3/2) ,  Ev3, is mV3 = Dd e. / (j Figure 6 i s  a ske tch  o f  t h e  bands f o r  r25 
a compressional s t r a i n .  
f 
Fig .  6. The S p l i t  Valence Bands o f  S i l i c o n  for a Compressional S t r e s s .  
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2.2.2 Conduction Band of Ge 
The e f f e c t  of s t r a i n  on the  conduction band of G e  has  a l r e a d y  been 
-1 
mentioned i n  Sect. 2.2. For t h e  band edge p o i n t  a t  k = na (111) t h e  s h i f t  
i n  energy i s  
6 
-1 where E i s  used t o  denote the  conduction minimum a t  k = ITa (111). 
Symmetry r e s t r i c t i o n s  on t h e  deformation p o t e n t i a l s  reduce t h e  number o f  
c l  
c o n s t a n t s  t o  two f o r  germanium, [ I u  and [ I d  [16]. 
t o  
Equation (2.1) reduces 
where e = el + e2 + e The o t h e r  seven band edge p o i n t s  i n  the  <111> 3' 
d i r e c t i o n s  can be ob ta ined  by symmetry and w i l l  be s t a t e d  i n  complete 
form later.  
2.2.3 Conduction Band o f  S i  
The e f f e c t s  of s t r a i n  on t h e  conduction band minima of s i l i c o n  are 
cons ide rab ly  more complicated,  due mainly t o  t h e  f a c t  t h a t  t h e  minima are 
n o t  l o c a t e d  a t  highly symmetrical p o i n t s  i n  k-space. 
e f f e c t  of s h i f t i n g  t h e  band edge p o i n t  i n  k-space. 
[19,20] have der ived t h e  Hamiltonian as a func t ion  of t h e  wave v e c t o r  
and s t r a i n  e for  t h e  band edge p o i n t  l y i n g  a long  t h e  [ l o o ]  a x i s .  The 
Hamiltonian i s  given by 
S t r a i n  can have t h e  
Hensel and Hasegawa 
S 
where m and m are t h e  e f f e c t i v e  masses a long  t h e  [loo] and its t r a n s v e r s e  
d i r e c t i o n s  r e s p e c t i v e l y ,  V and N are band parameters ,  K~ is the  [loo] 
component o f  t h e  wave v e c t o r  
X 1 ( ~ x  = - [2Ea 
c o e f f i c i e n t  i n t roduced  as a r e s u l t  o f  symmetry a n a l y s i s .  
II 1 
as measured from t h e  symmetry p o i n t  
-1 - kx]) and [ I ’  is an  a d d i t i o n a l  deformation p o t e n t i a l  
U 
Diagonal iz ing t h e  Hamiltonian and s e t t i n g  k = k = 0 (Eq. 2.8) 
Y Z  
g i v e s  
I n  o r d e r  t o  g e t  some f e e l  f o r  the s i g n i f i c a n c e  o f  t h i s  equat ion,  l e t  t h e  
s t r a i n  be zero.  Equation (2.9) then reduces t o  
E - n K K x k n  2 2  v Kx . 
II 
(2.10) 
This now d e s c r i b e s  the uns t r a ined  energy as a f u n c t i o n  of K ~ .  
Fig. 2, t h i s  d e s c r i b e s  t h e  energy bands % and A/ where the  p o s i t i v e  s i g n  
o f  Eq. (2.10) corresponds t o  the A‘ band and t h e  n e g a t i v e  s i g n  corresponds 
t o  t h e  % band. 
(2.10) wi th  r e s p e c t  t o  K~ and equating t h e  r e s u l t  t o  zero,  i.e. the  normai 
procedure f o r  determining the s t a t i o n a r y  p o i n t s  of a funct ion.  Performing 
Refe r r ing  t o  
2 
2 
The band edge point  K is found by d i f f e r e n t i a t i n g  Eq. 
0 
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t h i s  o p e r a t i o n  gives  
(2.11) 
-1 The band edge po in t  under z e r o  s t r a i n  cond i t ions  is k 
Solving f o r  K~ gives 
= O.SS(2na ) *  
0 
(2.12) -1 = - 0.15(2TTa ) . 
KO 
The energy value s e p a r a t i n g  t h e  two levels (4 and A/) a t  t h e  p o i n t  K~ 2 
as determined by t h e  p l u s  and minus sign of Eq. (2.10) is 
A E = h  v 2 .  (2.13) I1 
Returning t o  Eq. (2.9),  t h e  same procedure as t h a t  j u s t  i l l u s t r a t e d  
can be used t o  determine t h e  conduction band minimum and t h e  band edge 
p o i n t  f o r  a general  s t r a i n .  Taking the  d e r i v a t i v e  of Eq. (2.9) w i t h  r e s p e c t  
t o  K and equat ing the r e s u l t  t o  zero g ives  
X 
o r  
(2.14) 
(2.15) 
where ( K ~ )  is t h e  band edge p o i n t  under strain. The band edge p o i n t ,  
min 
is a funct ion o f  t h e  s h e a r  deformation p o t e n t i a l  c o e f f i c i e n t  [I: (Kx)min 9 
and of t h e  shea r  s t r a i n  e4. 
Values of LXE as 0.5 ev and [I: as 5.7 ev. 
as a func t ion  of e4 and 
Hensel, et .  al. [19] have given e s t i m a t e d  
F igu re  7 is a p l o t  o f  (Kxlmin 
has  been c a l c u l a t e d  u s i n g  t h e  above v a l u e s  of 
1 7  
1.00 
0 .95  
0,90 
0.85 
t 
0.8 1 1 1 I 1 1 1 1 I 
0 2 4 6 a 
Fig.  7 .  V a r i a t i o n  o f  t he  Band Edge Po in t  as Measured from the  Origin i n  t h e  
4' [ l o o ] - d i r e c t i o n  wi th  Respect t o  t h e  Shear S t r a i n  e 
w i t h  s h e a r  s t r a i n  u n t i l  i t  reaches the  symmetry p o i n t  X where i t  assumes a 1 
v a l u e  o f  2na-l  f o r  l a r g e r  s t r a i n s .  Once (k ) r eaches  X i t  can no longer  
i n c r e a s e  due t o  symmetry r e s t r i c t i o n s ,  i .e. 
x min 1 
must be g r e a t e r  than o r  2 (Kx)min 
e q u a l  t o  z e r o  otherwise ( K  ) would be imaginary. The s t r a i n  level a t  
which (Kx)min = 0 is 
x m i n  
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, 
where t h e  b a r s  i n d i c a t e  the  a b s o l u t e  magnitude. 
S u b s t i t u t i n g  Eq. (2 .15)  i n t o  Eq. (2 .9 )  and e v a l u a t i n g  a t  t h e  band 
edge p o i n t  gives  
(2 .17)  
The p o s i t i v e  and n e g a t i v e  s i g n s  of Eq. (2.17) g ive  the  energy o f  t he  3 
and 4 bands r e s p e c t i v e l y  a t  the  band edge p o i n t  as a func t ion  of s t r a i n .  
In o r d e r  t o  reduce the n o t a t i o n ,  l e t  Eci be t h e  energy of t h e  conduction 
band minimum where i = 1, 2, 3 .  Here 1, 2 ,  3 r e p r e s e n t  t h e  [ loo] ,  [OlO], 
[ O O l ]  d i r e c t i o n s  r e s p e c t i v e l y .  The [ loo]  v a l l e y  minimum i s  then 
(2 .18)  
The above equation is  good f o r  s t r a i n s  less than t h a t  r e q u i r e d  t o  s h i f t  
t h e  band edge po in t  t o  X1, i .e.  1e41' aE/(2[]:). . For s t r a i n  above the  
c r i t i c a l  v a l u e  ( K ~ )  is equa l  t o  zero.  I n  t h i s  case t h e  energy is 
min 
ob ta ined  d i r e c t l y  from Eq. (2 .9 )  and i s  
The magnitude of t h e  energy i s  n o t  important  h e r e  b u t  r a t h e r  t h e  
change i n  the  energy w i t h  s t r a i n ,  
fol lows : 
The change i n  Ecl w i t h  s t r a i n  is  as 
(2.16) 
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2.2.4 Deformation P o t e n t i a l  Coe f f i c i en t s  
The deformation p o t e n t i a l  c o e f f i c i e n t s  have been c a l c u l a t e d  theo- 
r e t i c a l l y  by Kleinman, e t .  a1 [21, 22, 231. H i s  c a l c u l a t i o n s  are f o r  pure 
(no i m p u r i t i e s )  G e  and S i  and are based upon a knowledge of t he  e l e c t r o n i c  
wave func t ions .  Many of the c o e f f i c i e n t s  have been c a l c u l a t e d  from d a t a  
taken from p i e z o r e s i s t a n c e  and cyc lo t ron  resonance experiments.  Table I 
l is ts  both experimental  and t h e o r e t i c a l  v a l u e s  o f  t h e  c o e f f i c i e n t s .  
There i s  good reason t o  b e l i e v e  t h a t  t he  deformation p o t e n t i a l s  
change wi th  doping and type o f  impurity. Mason and Bateman [24, 251 and 
Csavinsky and Einspruch [26] have measured t h e  change i n  the  e las t ic  
c o n s t a n t s  of S i  f o r  doped samples u s i n g  u l t r a s o n i c  pu l se  techniques.  They 
have been a b l e  t o  estimate t h e  deformation p o t e n t i a l s  from t h e i r  measure- 
ments,  and they f i n d  t h a t  t h e  shear deformation p o t e n t i a l  (D’) i n c r e a s e s  
w i t h  inc reased  doping. Table I1 shows t h e  r e s u l t s  o f  t h e i r  measurements. 
As shown i n  Table 11, it may be p o s s i b l e  t h a t  D{ varies considerably.  
l a r g e  u n c e r t a i n t y  w i l l ,  o f  course, be r e f l e c t e d  i n  later c a l c u l a t i o n s  o f  
j unc t ion  pa r  ame ter  s . 
U 
This  
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Table I 
Deformation P o t e n t i a l  C o e f f i c i e n t s  ( ev /un i t  d i l a t i o n )  f o r  
G e  and Si. (Kleinman's t h e o r e t i c a l  va lues  are shown 
i n  b racke t s  . ) 
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Table I1 
Values o f  t h e  Shear Deformation P o t e n t i a l  C o e f f i c i e n t  D: f o r  
Boron Doped S i  as a Function o f  Doping Concentrat ion 
D'(ev) -3 Concentrat ion (cm ) 
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Ve loc i ty  Changes i n  Doped n-type Germanium and p-type S i l i c o n  and t h e i r  
use i n  Determining an I n t r i n s i c  E lec t ron  and Hole S c a t t e r i n g  Time", Phys. 
Rev. Letters l0, 151, 1 March 1963. 
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2.2.5 Summary 
The e f f e c t s  o f  s t r a i n  on t h e  conduction minima and valence maxima 
of G e  and S i  have been treated. These c a l c u l a t i o n s  have been based on the 
deformation p o t e n t i a l  theory o f  semiconductors. By way o f  summary, t h e  
fo l lowing  equa t ions  were obtained which can be used f o r  c a l c u l a t i n g  the  
change i n  energy of t h e  va l ence  and conduction band edge p o i n t s  w i t h  
compressional s t r a i n :  
22 
Valence Band of Ge and S i  
2 2  2 2  
3 u  2 3 1 2  1 3  2 3  ~ E , ~ = D ~ ~ + E ( - D )  
( e : + e  + e  - e e  - e e  - e e l  
2 2 2  2 2 
3 u  2 3  av2 - D~ e - {(- D (el + e2 + e3 - ele2 - ele3 - e e ) 
(2.21) 
(2.22) 
where Evl i s  the  "upper" ho le  band and Ev2 is t h e  "lower" ho le  band. 
Conduction Band of G e  
where E 
i s  t h e  minimum in t h e  [lii] and [ill] d i r e c t i o n s ,  
t he  [lil] and [il?] d i r e c t i o n s ,  Ec4 i s  t h e  minimum i n  t h e  [lli] and [ik] 
is t h e  conduction minimum i n  t h e  [111] and [iii] d i r e c t i o n s ,  Ec2 c l  
is t h e  minimum i n  
Ec3 
d i r e c t i o n s .  
Conduction Band of Si 
(2.27) 
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(2 .28)  
Ec2 where Ecl is t h e  conduct ion minimum i n  t h e  [LOO] and [TOO] directions,  
i s  t h e  conduct ion minimum i n  t h e  [ O l O ]  and [ O i O ]  d i r e c t i o n s ,  Ec3 i s  t h e  
minimum i n  t h e  [ O O l ]  and [ O O i ]  d i r e c t i o n s .  
Re fe r r ing  t o  t h e  set o f  Eqs. (2.23), (2.241, (2.25), (2.26) and 
t o  t h e  set  (2.27), (2.28), (2.29) i t  i s  seen  t h a t  f o r  a gene ra l  s t r a i n  some 
o f  t h e  conduct ion minima inc rease  i n  energy wh i l e  o t h e r s  decrease.  
means t h a t  e l e c t r o n s  w i l l  populate  t h e  lowest m i n i m a  and depopula te  t h e  
h i g h e r  minima. Likewise t h e  valence levels s h i f t  re la t ive t o  each o t h e r  
as shown by Eqs. (2.21) and (2.22). Again t h e  h o l e s  w i l l  popula te  t h e  
h ighe r  energy level. The band gap E is  d e f i n e d  as t h e  d i f f e r e n c e  i n  
energy  between t h e  lowes t  conductionminimum and t h e  h i g h e s t  va l ence  maximum. 
For h y d r o s t a t i c  p r e s s u r e  a l l  o f  the conduct ion levels s h i f t  t h e  same amount. 
Likewise t h e  valence levels s h i f t  t o g e t h e r .  The s h i f t  of E w i t h  s t r a i n  i s  
then  s imply t h e  change i n  the  conduction levels minus t h e  change i n  t h e  
Th i s  
g 
g 
va l ence  levels. 
Chapter I11 
EFFECT OF STRAIN ON JUNCTION PARAMETERS 
3.1 Carrier Concentration 
Changes i n  the  energy levels,  as d i scussed  i n  Chapter 11, cause 
changes i n  t h e  c a r r i e r  concen t r a t ions .  For non-degenerate  material f o r  
which Maxwell-Boltzmann s ta t is t ics  apply ,  t h e  d e n s i t y  o f  e l e c t r o n s  n 
a s s o c i a t e d  w i t h  an e l l i p s o i d a l  energy s u r f a c e  a t  a band edge p o i n t  i s  [27] 
2 312 312 
E 2 ( 2 m T h  m C exp[- (Ec - EF)/kT] (3.1) 
where m i s  the  e f fec t ive  m a s s  o f  t h e  energy s u r f a c e ,  E i s  t h e  energy of 
t h e  band edge poin t ,  and E i s  t h e  Fermi level. I f  t h e r e  are v e l l i p s o i d a l  
energy minima i n  k-space,  t h e  d e n s i t y  o f  conduct ion e l e c t r o n s  i s  
C C 
F 
312 Ecv - E F I )  . ] + . * *  + m  expi- kT kT cv + m3I2 exp[-  c2 
The conduct ion band o f  S i  has  s i x  energy  minima i n  t h e  <loo> d i r e c t i o n s  i n  
k-space w i t h  equal  e f f e c t i v e  masses whi l e  G e  has  e i g h t  minima i n  t h e  all> 
d i r e c t i o n s  w i t h  equal  e f f e c t i v e  masses. P a i r s  of energy  minima are always 
a f f e c t e d  i n  t h e  same manner by stress SO t h a t  only t h r e e  minima need be  
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considered f o r  S i  ( [ l O O ] ,  [OlO], and [ O O l ]  d i r e c t i o n s )  and f o u r  f o r  G e  
( [ l l l ] ,  [lii], [lil], and [I l l]  d i r e c t i o n s ) .  Re fe r r ing  t o  Eq. (3.2), t h e  
d e n s i t y  of e l e c t r o n s  depends on t h e  e f f e c t i v e  mass, t h e  energy o f  t h e  p a r t i c -  
u l a r  conduction levels and t h e  Fermi energy of t he  c r y s t a l .  The e f f e c t s  o f  
s t r a i n  on t h e  conduction minima have a l r e a d y  been t r e a t e d .  It should be 
no ted  t h a t  t h e  energy terms e n t e r  i n t o  t h e  d e n s i t y  r e l a t i o n s h i p  as an 
exponen t i a l  wh i l e  t h e  e f f e c t i v e  mass e n t e r s  as a 3/2 power. 
mass m may change s l i g h t l y  w i t h  s t r a i n ;  however, f o r  t h e  p r e s e n t  d i s c u s s i o n  
i t  w i l l  be assumed t h a t  it r e m a i n s  cons t an t .  
i s  d i scussed  i n  d e t a i l  i n  Appendix B. 
The e f f e c t i v e  
C 
The v a l i d i t y  o f  t h i s  assumption 
Assuming then  t h a t  m i s  c o n s t a n t  and i s  t h e  same f o r  each energy 
C 
minimum, the  d e n s i t y  o f  e l e c t r o n s  under s t r a i n e d  c o n d i t i o n s  f o r  both S i  
and G e  can be w r i t t e n  as 
where tr - 3 f o r  S i  and 4 f o r  Ge, no i s  t h e  e l e c t r o n  d e n s i t y  i n  t h e  uns t r a ined  
c o n d i t i o n ,  OE is  t h e  change i n  F e r m i  level, and t h e  CIE 's are t h e  changes 
i n  t h e  energy minima o f  t h e  conduction levels under s t r a i n .  
F C 
The equa t ion  f o r  t h e  hole d e n s i t y  d i f f e r s  s l i g h t l y  from t h a t  f o r  
e l e c t r o n s  due t o  the degeneracy of t h e  va l ence  band levels a t  k = (000). 
The h o l e  d e n s i t y ,  p, i s  
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where E 
l i g h t  ho le  bands) and Ev3 i s  t h e  energy o f  t h e  j = 1 / 2  level. 
assumed h e r e  t h a t  t h e  j = 1 / 2  level can be neg lec t ed  compared t o  t h e  j = 312 
l e v e l  because it has a smaller e f f e c t i v e  mass and i s  lower i n  energy. The 
t h i r d  t e r m  i n  Eq. (3.4) i s  thereby neglected.  (This i s  a good assumption 
f o r  Ge w h i l e  for  s i l i c o n  t h e  e r r o r  i n  p w i l l  be less than 20%.) 
and E v l  v2 
are the  e n e r g i e s  of t h e  r&(j = 3/2) levels (heavy and 
It w i l l  be 
I n  t h e  uns t r a ined  case E and E are equa l  so t h a t  an e f f e c t i v e  v l  v2 * 
V 
mass m can be def ined f o r  t h e  combination o f  t he  two levels as fol lows 
m * = [m:i2 + m  3/2-,2/3 
V v2 (3.5) 
This  i s  the normal ho le  e f f e c t i v e  mass. Again i t  w i l l  be assumed t h a t  t h e  
e f f e c t i v e  mass of t h e  i n d i v i d u a l  levels do n o t  change w i t h  s t r a i n  (see 
Appendix B).  The ho le  d e n s i t y  under s t r a i n  becomes 
P 7 
(3.6) 
where p i s  t h e  hole  d e n s i t y  w i t h  ze ro  s t r a i n .  
0 
Equations (3.3) and (3.6) are v a l i d  f o r  e i t h e r  p- o r  n-type 
material. I n  non-degenerate n-type material, w i t h  z e r o  a p p l i e d  stress, 
the  e l e c t r o n  d e n s i t y  i s  approximately equa l  t o  t h e  n e t  donor d e n s i t y .  
Likewise, i n  non-degenerate p-type material t h e  ho le  d e n s i t y  i s  approxi-  
mately equa l  t o  the n e t  accep to r  dens i ty .  The e f f e c t s  of s t r a i n  on 
impuri ty  states in Ge and S i  are n o t  completely known. 
stress, experiment has  shown t h a t  t h e  changes i n  impur i ty  i o n i z a t i o n  
energy are n e g l i g i b l e  compared w i t h  band gap changes [28]. H a l l  has 
For h y d r o s t a t i c  
27 
shown t h a t  i o n i z a t i o n  energy decreases  w i t h  s t r a i n  f o r  l a r g e  <111> u n i a x i a l  
stresses i n  A1  and I n  doped G e  [29]. Kohm [30] has a l s o  given a t h e o r e t i c a l  
d i s c u s s i o n  i n  which i t  i s  suggested t h a t  t h e  change i n  i o n i z a t i o n  energy is  
second o r d e r  f o r  shea r  s t r a i n s .  It w i l l  be assumed t h a t  s h i f t s  i n  ion iza -  
t i o n  energy o f  i m p u r i t i e s  can be neglected and t h a t  t h e  m a j o r i t y  carrier con- 
c e n t r a t i o n  i s  independent o f  s t r a i n .  
Since bo th  t h e  va l ence  and conduction bands s h i f t  w i th  s t r a i n ,  t he  
Fermi l e v e l  must a l s o  s h i f t .  
s e t t i n g  Eq. (3 .6)  equa l  to  t h e  acceptor d e n s i t y  Na. Since the  i o n i z a t i o n  
energy has been assumed t o  be independent o f  stress, t h e  hole  d e n s i t y  
remains c o n s t a n t  , and 
This can be seen f o r  p-type material by 
S u b s t i t u t i n g  Eq. (3 .7 )  i n t o  Eq. (3 .3)  and s o l v i n g  f o r  t he  m i n o r i t y  carrier 
c o n c e n t r a t i o n  g ives  
where n i s  t h e  m i n o r i t y  carrier c o n c e n t r a t i o n  
u n s t r a i n e d  m i n o r i t y  carrier concentrat ion.  I f  
P 
made f o r  n- type material, it i s  found t h a t  t h e  
w i t h  s t r a i n  and n is t he  
a similar c a l c u l a t i o n  i s  
' PO 
same expres s ion  r e s u l t s  f o r  
SO t h a t  t h e  minor i ty  carrier d e n s i t y  can be w r i t t e n  i n  g e n e r a l  as P J P m  
L (3.9) 
The f a c t o r  y (e)  g ives  the  r a t i o  of minor i ty  carrier d e n s i t y  under s t r a i n  
t o  minor i ty  c a r r i e r  d e n s i t y  w i t h  ze ro  app l i ed  s t r a i n .  For h y d r o s t a t i c  
stress Eq. (3.9) reduces t o  
V 
AE 
r p  = exp(- 2) (3.10) 
F igures  8 and 9 are p l o t s  of  y (e) f o r  S i  and Ge r e s p e c t i v e l y  as a func t ion  
o f  u n i a x i a l  compression stresses f o r  s e v e r a l  o r i e n t a t i o n s .  The u n i a x i a l  
V 
stresses were ca l cu la t ed  as shown i n  Appendix A. The exper imenta l  va lues  
of  t he  deformation p o t e n t i a l s  as shown i n  Table I and I1 were used i n  the  
c a l c u l a t i o n s .  Note i n  Figs .  8 and 9 t h a t  h y d r o s t a t i c  stress causes  the  
minor i ty  c a r r i e r  concent ra t ion  f o r  G e  t o  decrease  wh i l e  it causes  the  
m i n o r i t y  c a r r i e r  concen t r a t ion  of  S i  t o  inc rease .  Also y (e) i s  more 
s e n s i t i v e  t o  <loo> u n i a x i a l  stresses i n  S i  whi le  <111> u n i a x i a l  stresses 
V 
cause l a r g e r  changes i n  Ge. 
The above t rea tment  of  t h e  e f f e c t  o f  s t r a i n  on carrier concen t r a t ion  
i s  based on two assumptions (1) no change i n  e f f e c t i v e  m a s s  w i th  s t r a i n  and 
(2)  no change i n  ion iza t ion  energy w i t h  s t r a i n .  
2 
The pn product (pn = ni) i s  an impor tan t  parameter  i n  semiconductor 
theory  because a t  equ i l ib r ium i t  remains c o n s t a n t  w i t h  p o s i t i o n  i n  p-n 
j u n c t i o n  devices .  I t  does however change w i t h  s t r a i n .  This  can be Seen 
by forming the  pn product from Eqs. ( 3 . 3 )  and (3.6) 
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Fig.  8. Ratio o f  Stressed to Unstressed Minority Carrier Density for G e  as 
a Function o f  Stress  for Hydrostatic, [loo], [110], and [lll] 
Uniaxial Stress. 
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Fig. 9. Rat io  o f  S t r e s s e d  t o  Unstressed Minor i ty  Carrier Densi ty ,  y,(e), 
f o r  S i  as a Function of  [loo], [110], [ill] and Hydros t a t i c  
S t r e s s .  
Rewri t ing Eq. (3.11) g ives  
(3.11) 
(3.12) 
where n 
i n t r i n s i c  c a r r i e r  concen t r a t ion  w i t h  ze ro  s t r a i n .  
i s  t h e  i n t r i n s i c  c a r r i e r  concen t r a t ion  under s t r a i n  and nio is t he  i 
3 . 2  E f f e c t  of S t r a i n  on the "Ideal" Current  Components 
This  s e c t i o n  d i s c u s s e s  the " idea l "  o r  d i f f u s i o n  
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o f  p-n J u n c t i o n s  
c u r r e n t s  i n  p-n 
j u n c t i o n s  as p r e d i c t e d  by t h e  Shockley model. Generation-recombination 
c u r r e n t s  are d i scussed  i n  t h e  following s e c t i o n .  The p-n j u n c t i o n  model 
t o  b e  d i scussed  i s  shown i n  Fig.  10, where i s  t h e  t o t a l  j u n c t i o n  area, 
A and A are t h e  s t r e s s e d  areas a t  the  edges of t h e  d e p l e t i o n  r eg ion  
on the  n and p s i d e s  r e s p e c t i v e l y ,  W W and W are t h e  r e s p e c t i v e  widths 
o f  t he  n r eg ion ,  p r eg ion ,  and dep le t ion  region.  The hole  and e l e o t r o n  
c u r r e n t s  are 
sn SP 
n '  p y  d 
(3 .13)  
(3 .14)  
where D and D are t h e  ho le  and e l e c t r o n  d i f f u s i o n  c o e f f i c i e n t ,  L and Ln 
P n P 
are the ho le  and e l e c t r o n  d i f f u s i o n  l eng ths ,  pn and n are t h e  equ i l ib r ium 
m i n o r i t y  carrier d e n s i t i e s  a t  the  edges of t h e  d e p l e t i o n  r eg ion  on the n 
and p s i d e s  o f  t he  j u n c t i o n  r e s p e c t i v e l y ,  andVa i s  the j u n c t i o n  vo l t age .  
Under stress t h e r e  are two r e g i o n s  of t h e  j u n c t i o n  which must b e  
P 
% considered.  The c u r r e n t  i n  t h e  uns t r e s sed  area i s  given by r e p l a c i n g  
w i t h  % - Asn i n  Eq. (3 .13)  and % - A 
through the  s t r e s s e d  areas w i l l  be modified by the  stress induced changes 
i n  t h e  parameters.  As shown i n  Figs. 8 and 9,  t he  m i n o r i t y  c a r r i e r  concen- 
t r a t i o n s  change by several o rde r s  o f  magnitude f o r  l a r g e  s t r a i n s .  It i s  
assi.imed here that changes i n  t h e  o t h e r  parameters are n e g l i g i b l e  compared 
t o  changes i n  m i n o r i t y  carr ier  d e n s i t i e s .  
Appendix C. 
i n  Eq. (3 .14) .  The c u r r e n t  
SP 
This  assumption i s  d i scussed  i n  
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/ ry 
X 
Fig.  10. Stressed p-n Junction Model. 
Taking in to  account the s t res sed  and unstressed regions ,  the 
equation for the "ideal" component o f  diode current can be wri t ten:  
(3 .15)  
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where I i s  the  " ideal"  diode cu r ren t ,  I is  t h e  r e v e r s e  s a t u r a t i o n  c u r r e n t ,  
I S 
e and e are the p o s i t i o n  dependent s t r a i n s  a t  the  edges of t h e  d e p l e t i o n  
r eg ion  on the  n and p s i d e s  r e s p e c t i v e l y ,  and 
n P 
W 
= @TDnn p0 co th (L  -2 ) . 
Ln n 'no 
Defining an e f f e c t i v e  r a t i o  of minori ty  c a r r i e r  d e n s i t i e s  as, 
Eq. (3.15) reduces t o  
(3.16) 
7,(ep>l * (3.17) 
A A 
T 
I s = I  c 4r - Asn + 7,(en) + Ino 4r 4r 
Two s p e c i a l  cases are of i n t e r e s t .  The f i r s t  occurs  when t h e  stress 
i s  symmetric a c r o s s  t h e  j u n c t i o n ,  so t h a t  Asn = A - A and s p  s' 
o r  
V A S  A S 
Is = Isof  + - 4 7 p 1  , 
(3.18) 
(3.19) 
where I i s  the  u n s t r a i n e d  s a t u r a t i o n  c u r r e n t .  so 
For h y d r o s t a t i c  p re s su re  t h e  s t r e s s e d  area i s  equal  t o  t h e  t o t a l  
m- 
area and y (e) = exp[- $1. The r e v e r s e  s a t u r a t i o n  curreat Is the= 
V .  
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AE 
kT For << 1, t h i s  may be w r i t t e n  as 
DE 
---[i$l 
S 
I 
(3.20) 
(3.21) 
where AIs is the change i n  s a t u r a t i o n  c u r r e n t  f o r  a change i n  band gap o f  
. This  equation a g r e e s  w i t h  the  r e s u l t s  ob ta ined  by H a l l ,  e t .  a l .  [31]. 
The dependence, on temperature,  o f  t h e  c u r r e n t  through a s t r e s s e d  
% 
diode can be described. Re fe r r ing  t o  Eqs. (3.16) and (3 .17 ) ,  7 (e ) and 
r’ (e 
minor i ty  c a r r i e r  d e n s i t i e s  are temperature dependent. For s m a l l  tempera- 
t u r e  v a r i a t i o n s  nea r  room temperature,  on ly  t h e  changes i n  c a r r i e r  d e n s i t y ,  
7 (e ) and ’. (e ) need be considered. The carrier d e n s i t i e s  p and n are 
p r o p o r t i o n a l  t o  exp[-  61 [321. 
where LE i s  of course s t r a i n  dependent. For the  case where t h e  stress i s  
symmetric across  t h e  j u n c t i o n  and 
v n  
as w e l l  as t h e  d i f f u s i o n c o e f f i c i e n t ,  the  d i f f u s i o n  l e n g t h s ,  and the  
’ V P  
m p  
e 
E v n  V P  
For l a r g e  s t r a i n s ,  7,(e) 0: exp[-  $1 
g 
( v a l i d  a t  high stress or when the e n t i r e  j u n c t i o n  i s  s t r e s s e d ) ,  
If g >> 1 
, 
(3.22) 
(3.23) 
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They argue that the trap levels result as devices when subjected to strains. 
a consequence of dislocations introduced in the crystal by strain. 
been shown that small spherical indentor points can cause permanent indenta- 
tions into the surface of germanium crystals at room temperature without any 
apparent fracture of the material 34 ,  35 . Further it has been shown that 
dislocations can be observed on the indented surfaces when etched 34 . 
Accepting the fact that dislocations can be introduced by high strains does not 
mean that they result in trap levels that are electrically active in p-n 
junctions. However there is good reason to suspect that such levels would be 
active. 
It has 
Experimental observations on the piezojunction effect have shown that 
apparently the phenomenon is reversible at least over limited ranges. 
means that if the introduction of generation-recombination levels by strain is 
the underlying mechanism responsible for the piezojunction effect it too must be 
reversible. At room temperature there is some doubt that generation-recombination 
centers could be created with strain and then disappear when strain is removed. 
This process would be much more likely to occur at very high temperatures. 
seems very unlikely that the levels would be reversible and the number expo- 
nentially related to strain as required by the observations. 
This 
It 
The second aspect of generation-recombination currents (change in the 
relative position of the trap energy with respect to the conduction and valence 
bands) can be important. The following discussion treats this problem. Hauser 
36 has derived an approximate theoretical expression for the current for a 
single trap level located in the forbidden band. 
given in Appendix E. 
is given by: 
A review of Hauser's work is 
JU , The space charge generation-recombination current, 
35 
and when E << -1, 
( 3 . 2 4 )  
As shown i n  the above equa t ions  the  s l o p e  o f  PnI vs T depends upon the  
s t r e s s  through @E . aE i s  nega t ive  f o r  u n i a x i a l  compressive stresses. 
Therefore the s l o p e  of Qn I v s  T dec reases  w i t h  i n c r e a s i n g  stress. 
g g 
The e f f e c t  of a l a r g e  stress a p p l i e d  t o  a small area o f  a p-n 
junc t ion  i s  to cause t h e  " ideal"  o r  d i f f u s i o n  c u r r e n t  through the  s m a l l  
area t o  inc rease .  For high stress levels t h e  c u r r e n t  through the  s t r e s s e d  
area can become much l a r g e r  than t h a t  through t h e  u n s t r e s s e d  area, hence 
the  t o t a l  diode c u r r e n t  i s  e s s e n t i a l l y  t h a t  f lowing i n  t h e  s t r e s s e d  area. 
3 . 3  E f f e c t  of S t r a i n  on t h e  Space Charge Generation-Recombination Current  
i n  p-n Junct ions 
Space charge generat ion-recombinat ion c u r r e n t  can be important  i n  
p-n junc t ions  ( p a r t i c u l a r l y  i n  s i l i c o n )  [ 3 3 ] .  This  c u r r e n t  adds t o  t h e  
" ideal"  o r  d i f f u s i o n  c u r r e n t  which i s  p r e d i c t e d  by the  Shockley theory.  
Mechanical s t r a i n  can cause a change i n  generat ion-recombinat ion c u r r e n t s  i n  
two ways. F i r s t ,  s t r a i n  can cause t h e  generat ion-recombinat ion c u r r e n t  t o  
i n c r e a s e  by simply i n c r e a s i n g  t h e  number o f  generat ion-recombinat ion c e n t e r s  
l o c a t e d  i n  or nea r  t he  space charge r eg ion  o f  a p-n j u n c t i o n .  The second 
way s t r a i n  can change t h e  generat ion-recombinat ion c u r r e n t  i s  t o  s h i f t  t h e  
r e l a t i v e  pos i t i on  o f  t h e  energy of t he  t r a p  levels w i t h  r e s p e c t  t o  t h e  con- 
duct ion and valence levels. 
Rindner, e t .  a l .  [ 5 , 6 ]  have suggested t h a t  t he  f i r s t  e f f ec t ,  c r e a t i o n  
of t r a p  cen te r s  by s t r a i n ,  i s  i n  f a c t  t h e  unde r ly ing  mechanism r e s p o n s i b l e  
f o r  l a r g e  changes observed i n  t h e  e lectr ical  c h a r a c t e r i s t i c s  o f  p-n j u n c t i o n  
37 
(3.25) 
where W i s  t h e  width of the space charge r e g i o n ,  V 
'no 
T is  t h e  l i f e t i m e  f o r  h o l e s  i n j e c t e d  i n t o  h i g h l y  n-type material. The 
i s  the  a p p l i e d  v o l t a g e ,  
i s  t h e  l i f e t i m e  f o r  e l e c t r o n s  i n j e c t e d  i n t o  h i g h l y  p-type material, and 
a 
PO 
ho le  and e l e c t r o n  d e n s i t i e s  p and n are given by [33] 1 1 
(3 .26)  
(3.27) 
where E t 
s i c  Fermi level. 
t h e  a p p l i e d  vo l t age .  For a s t ep  j u n c t i o n  the  width i s  
is  the  energy of t h e  t r a p  level and Ei i s  the energy of t h e  i n t r i n -  
The width of t he  space charge r eg ion ,  W, i s  a func t ion  of 
1/2  w = W0(l - Va/V0) , (3.28) 
where W 
j u n c t i o n  p o t e n t i a l .  
i s  the width wi th  zero a p p l i e d  v o l t a g e  and Vo i s  the  b u i l t - i n  
0 
To see how the generation-recombination c u r r e n t  changes w i t h  
mechanical s t r a i n ,  each parameter i n  Eq. (3.25) i s  analyzed. The i n t r i n s i c  
carrier d e n s i t y  has a l r e a d y  been d i scussed  i n  Sect .  3.1.  Again it w i l l  be 
assumed t h a t  T~~ and T 
b u i l t - i n  p o t e n t i a l  i s  r e l a t e d  t o  the  i n t r i n s i c  carrier concen t r a t ion  by 
are s t r a i n  independent (see Appendix C). The 
PO 
(3.29) NaNd 
n i 
Since chang~s i:: ? are l oga r i thmica l ly  r e l a t e d  t o  changes i n  n, ,  i t  w i l l  be 
assumed t h a t  V and hence W are independent of s t r a i n  when compared t o  changes 
vo a In,) 
2 
0 A 
0 
i' i n  n 
This  l eaves  only p and n t o  be d i scussed .  They are r e l a t e d  t o  t h e  1 1 
energy of the  t r a p  level  as shown by Eqs. (3.26) and (3.27).  Unfortunately 
t h e r e  is  no information a v a i l a b l e  on t h e  e f f e c t  of a g e n e r a l  s t r a i n  on Et .  
t h e  absence of t h i s  information it i s  no t  p o s s i b l e  t o  p r e d i c t  how Ju varies 
w i t h  s t r a i n  i n  t h e  r e v e r s e  b i a sed  and low forward b i a sed  r eg ions .  
I n  
For l a r g e  forward b i a s e s  J i s  independent of p and n For t h i s  
is given by (see Appendix E ) :  
U 1 1' 
case J U 
exp {qVa/2kT} - 1  I Ju 7 + T  
no PO 
S u b s t i t u t i n g  Eq. (3.12) i n t o  Eq. (3.30) one f i n d s  
(3.30) 
(3.31) 
o r  
(3.32) 
where J ( 0 )  is  the  u n s t r a i n e d  generat ion-recombinat ion c u r r e n t .  A s  shown 
by t h e  above equa t ions ,  t he  generat ion-recombinat ion c u r r e n t  is n o t  as 
s t r a i n  s e n s i t i v e  as t h e  i d e a l  c u r r e n t .  
U 
Taking i n t o  account t h e  s t r e s s e d  and u n s t r e s s e d  r e g i o n s  as w a s  
done f o r  t he  " idea l "  c u r r e n t ,  t he  generat ion-recombinat ion c u r r e n t  is 
(3.33) 
It should be noted t h a t  it i s  the  s t r a i n  i n  the junc t ion  t h a t  is  important  
he re  as opposed t o  t h e  s t r a i n  a t  t h e  edge of t h e  d e p l e t i o n  r eg ion  i n  t h e  
i d e a l  cu r ren t .  
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3 . 4  E f f e c t  of S t r e s s  on T r a n s i s t o r  C h a r a c t e r i s t i c s  
A p-n-p j u n c t i o n  t r a n s i s t o r  model i s  considered.  The equa t ions  
f o r  t he  e l e c t r o n  and h o l e  components o f  emitter c u r r e n t  are [32] 
and 
( 3 . 3 4 )  
( 3 . 3 5 )  
K2,  and K are funct ions o f  the device dimensions and material 1’ 3 where K 
c o n s t a n t s ,  n and p are the  minor i ty  c a r r i e r  d e n s i t i e s  i n  the  emitter and P n 
base  r e s p e c t i v e l y ,  V 
base  vo l t age .  The m i n o r i t y  c a r r i e r  d e n s i t i e s  are shown e x p l i c i t l y  t o  
i n d i c a t e  the dependence of I 
b i a s  t r a n s i s t o r  o p e r a t i o n ,  qVeb/kT >> 1 and qVcb/kT >> 1. 
r e s t r i c t i o n s ,  t h e  emitter c u r r e n t s  under stress c o n d i t i o n s  similar t o  
i s  t h e  emi t t e r -base  v o l t a g e ,  and Vcb i s  the c o l l e c t o r -  eb 
and Ine on stress. Under normal forward 
Pe 
Using these  
those d i scussed  f o r  t h e  p-n junct ion are 
( 3 . 3 6 )  
( 3 . 3 7 )  
where I po - KIPno’ ‘no - K n  3 Po’ Ab = (% - Asn)/+ Ae = ‘4 - Asp,/%’ 
Bb A s n / 4 ’  and B = A 1%. 
e SP 
The base  c u r r e n t  i s  
(3.38) 
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s i n c e  I 
t i o n a l  t o  I Combining Eqs. (3.36),  (3.37) and (3.38) g i v e s  f o r  t he  
emitter c u r r e n t ,  Ie = Ipe + Ine; base c u r r e n t ;  and c o l l e c t o r  c u r r e n t ,  
the t o t a l  recombination c u r r e n t  (bulk and s u r f a c e ) ,  i s  propor- r’ 
Pe 
IC - Ie - Ib: 
I(‘ - e) Ip0 [% + Bb Tv(eb) 1 I= = exp[- “eb kT 
The forward grounded base c u r r e n t  gain a i s  
(3.41) 
(3.42) 
It has been assumed i n  the  preceding equa t ions  t h a t  the emi t t e r -base  
v o l t a g e  i s  t h e  same f o r  t h e  s t r e s s e d  and u n s t r e s s e d  regions.  I f  t h e  s t r e s s e d  
r eg ion  i s  small compared w i t h  t h e  t o t a l  j u n c t i o n  area t h e r e  can be a s i g n i f i -  
c a n t  base spreading r e s i s t a n c e  a s s o c i a t e d  w i t h  the  s t r e s s e d  area. 
case the  equat ions becomes : 
I n  t h i s  
’ .  
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(3.44) 
(3.45) 
where R i s  t h e  sp read ing  r e s i s t a n c e  and I 
t h e  s t r e s s e d  area: 
i s  t h e  base  c u r r e n t  f lowing i n t o  b s  
(3.46) 
The base r e s i s t a n c e  a s s o c i a t e d  w i t h  t h e  u n s t r e s s e d  p a r t  o f  t h e  emi t t e r -base  
j u n c t i o n  has been neg lec t ed .  
term makes the  a n a l y s i s  considerably more d i f f i c u l t  s i n c e  a t r anscenden ta l  
equa t ion  must be so lved  f o r  I - however, t h e  major f e a t u r e s  are t h e  same 
as before .  
s t r a i n s  on c o n d u c t i v i t y  are discussed i n  Appendix D, 
The i n c l u s i o n  of t h e  sp read ing  r e s i s t a n c e  
bS ’ 
Changes i n  R have been neg lec t ed  here .  The e f f e c t  of l a r g e  
A l l  of t he  equa t ions  developed f o r  p-n-p t r a n s i s t o r s  w i l l  hold f o r  
n-p-n t r a n s i s t o r s  i f  n and p a r e  interchanged each t i m e  t hey  appear.  
As an example of t h e  t r a n s i s t o r  theory,  cons ide r  a s i l i c o n  p-n-p 
t r a n s i s t o r  w i t h  t h e  following parameters  : 
e = 2 x io -2  
= 2 ohm-cm Phase 
42 
-4 L e t  the  s t r e s s  b e  app l i ed  over a c i r c l e  o f  diameter  d = 3.56 x 10 
The spreading  r e s i s t a n c e  of a f l a t  c i r c u l a r  area i s  
cm. 
R-- = 2800 ohms . 
2d 
Case I. Le t  the  stress be app l i ed  i n  t h e  [ l l l ]  d i r e c t o n  t o  both 
2 s i d e s  of  t h e  emit ter-base junc t ion ,  e = e A = A = lo-’ cm . Figure  
eb  11 is a p l o t  of base  c u r r e n t  Ib as a func t ion  of emi t te r -base  v o l t a g e  V 
f o r  s e v e r a l  s t r e s s  levels. Figure 12  i s  a p l o t  of  c o l l e c t o r  c u r r e n t  as a 
func t ion  of  V f o r  t h e  same stress levels. As shown by the  curves ,  both 
$, and I are changed by several o r d e r s  o f  magnitude f o r  s m a l l  changes i n  
stress i n  t h e  high stress reg ion .  The e f f e c t  of  spreading  r e s i s t a n c e  i s  
shown by the  convergence o f  I and I toward t h e i r  uns t r e s sed  va lue  f o r  
high app l i ed  vol tages .  The e f f e c t  o f  stress on t h e  spreading  r e s i s t a n c e  
has  been neglected.  It would reduce the  r e s i s t a n c e  and thereby  c u t  down 
on the  rate a t  which t h e  s t r e s s e d  curves  converge t o  the  uns t r e s sed  curves.  
The l a r g e r  t h e  spreading r e s i spance  t h e  more r a p i d l y  the  c u r r e n t s  converge 
t o  t h e i r  uns t ressed  va lues .  Note t h a t  a i s  n o t  a f f e c t e d  by t h e  stress 
when both  s i d e s  of the  emi t t e r -base  j u n c t i o n  are s t r e s s e d  Eq. (3.42). 
e b y  sn  SP 
e b  
C 
b C 
Case 11. Assume t h e  same cond i t ions  as be fo re  excep t  t h a t  on ly  the  
emitter s i d e  o f  the 
i s  a p l o t  o f  Ib and 
Note t h a t  IC is  not  
t h a t  a is  changed. 
n o t  a s  s e n s i t i v e  t o  
emi t te r -base  j u n c t i o n  i s  s t r e s s e d  ee >> eb. F igure  13  
I as a func t ion  of  V f o r  several stress cond i t ions .  
changed by t h e  stress whi le  I i s  changed. This  means 
I n  t h i s  case, where 8 > Ino/I 
stress as it was f o r  the  prev ious  case. 
C eb  
b 
t h e  base  c u r r e n t  i s  
PO’ 
IO+ 
I 0-3 
IO" 
A 
u) 
E 
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E 
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0 0.2 0.4 0.6 0.8 1.0 
Veb (volts) 
Fig.  11. Effect of Stress on Transistor Base Current for a Symmetrically 
Stressed Emitter-base Junction. 
Fig. 12. Effect o f  Stress on Collector Current for a Symmetrically 
Stressed Emitter-base Junction. 
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0 0.2 0.4 0.6 0.8 1.0 
V,~(VOltS)  
Fig. 13. Collector and Base Current as a Function of Emitter-base 
Voltage for Several Stress Levels in the Emitter Only. 
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In Fig ,  1 4 ,  Ic/Ico i s  p l o t t e d  as a func t ion  of stress f o r  c o n s t a n t  
emitter c u r r e n t  and f o r  c o n s t a n t  base c u r r e n t ,  where Ico is  t h e  c o l l e c t o r  
c u r r e n t  w i t h  no stress. 
l a t i o n s .  A s  shown, changes i n  Ic/Ico are l a r g e r  when the base  c u r r e n t  i s  
he ld  c o n s t a n t  as compared t o  holding t h e  emitter c u r r e n t  cons t an t .  
Spreading r e s i s t a n c e  was neg lec t ed  i n  t h e s e  ca l cu -  
Case 111. Assume t h a t  t h e  stress i s  a p p l i e d  only t o  the  base s i d e  
Using t h e  assumed t r a n s i s t o r  of the emi t t e r -base  j u n c t i o n  (e << eb). e 
parameters i n  Eqs. ( 3 . 4 2 )  and ( 3 . 4 4 )  i t  can be shown t h a t  
remain approximately cons t an t .  However, i n  dev ices  where 
compared t o  I /I  (Ge f o r  example) t he  base c u r r e n t  can 
c a n t l y  depending upon the  r a t i o  of Ino/I For c o n s t a n t  
t he  c o l l e c t o r  c u r r e n t  i s  cons t an t .  
no PO 
PO' 
a and Ib w i l l  
a i s  v e r y  s m a l l  
change s i g n i f i -  
base c u r r e n t ,  
These examples are n o t  intended t o  be a complete a n a l y s i s  of t he  
many impl i ca t ions  of t h e  preceding theory o f  s t r e s s e d  t r a n s i s t o r s  b u t  are 
intended t o  i l l u s t r a t e  some of  i t s  s a l i e n t  f e a t u r e s .  
3.5  Discussion 
The preceding theo ry  cons ide r s  both t h e  e f f e c t  of s t r a i n  on t h e  " idea l "  
and bu lk  generation-recombination c u r r e n t s  i n  p-n j u n c t i o n s .  
t h e  " idea l "  c u r r e n t s  n e g l e c t s  any e f f e c t s  o t h e r  t h a n  band gap changes. 
bulk generation-recombination theo ry  assumes t h a t  stress does n o t  i n c r e a s e  
t h e  number of t rapping c e n t e r s  b u t  r a t h e r  i t  changes t h e  r e l a t i v e  p o s i t i o n  
of t h e  energy of e x i s t i n g  t r a p  levels w i t h  r e s p e c t  t o  the conduction and 
valence levels.  
c u r r e n t  except  i n  t h e  forward b i a s e d  case s i n c e  t h e  energy levels of t h e  t r a p s  
cannot,  a t  t h i s  t i m e ,  be desc r ibed  as a f u n c t i o n  of s t r a i n s .  
The theo ry  of 
The 
It has  no t  been p o s s i b l e  t o  treat  the generation-recombination 
I 
IO' 
10- 
IO- 
IO 
IO' 
0 
I I I I 
A ( I e  constant) 
B (Tb constant 1 
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1 
2 4 6 IO 
c ( 1Olo dynas/cm2 
14. Effect  of Stress on Normalized Collector Current for Constant 
Stressed only Emitter Current and for Constant Base Current. 
i n  the emitter.  
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In regards to the introduction of new trap levels with strain, it 
is very likely that if these levels were created they would remain and hence 
the electrical characteristics would not be reversible with strain. That is, 
as new centers are created they too could contribute to the current but would 
not disappear when the strain is removed. 
Another problem which has not been discussed here and which is impor- 
tant is generation-recombination currents which are located at or near the 
surface of the diode structure. Most methods of applying mechanical stress do 
not apply stress t o  the surfaces that are important in determining these 
currents. At the present time there is no way of predicting the effect of 
strain on these currents. 
Chapter IV 
EXPERIMENTAL 
4.1 Introduction 
A variety of experimental measurements have been made on silicon 
diodes, transistors, and 4-layer diodes in order to determine the effect of 
large anisotropic stresses on the electrical characteristics of the devices. 
While most of the test devices were fabricated in the laboratory, some were 
obtained from commercial sources. The devices fabricated in the laboratory 
were designed specifically to allow measurements to be made which would 
delineate the effect on the piezojunction phenomenon of such parameters as 
crystal orientation, junction depth, and material resistivity. The object of 
the experimental work has been to acquire an understanding of the phenomenon 
and to check the applicability of the theory with the goal of applying the 
phenomenon in stress transducer applications. 
4.2 Experimental Apparatus 
An experimental test station was built and calibrated. The primary 
purpose of this apparatus was to apply a known mechanical stress to a semicon- 
ductor junction device and to measure the appropriate electrical parameters 
under various stress zsnditizns. To obtain the large mechanical stress 
necessary to change the electrical characteristics of the devices, it 
( 4 9 )  
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necessary  t o  restrict the s t r e s s e d  area t o  less than  ten square  m i l s  w a s  
i n  o r d e r  t o  work w i t h  p r a c t i c a l  forces ,O t o  10 dynes. 5 This  was accomplished 
i n  a l l  ca ses  by us ing  e i t h e r  a s tee l ,  sapphi re  o r  diamond phonograph needle .  
Figure 15 i s  a schematic diagram of  t h e  s t r e s s i n g  appara tus .  Figure 
1 6  is  a photograph o f  t he  t es t  s t a t i o n .  
was used t o  apply the  stress t o  the  device  was mounted nea r  the  end of  a 
phonograph pick-up arm i n  much t h e  same mannner as t h a t  normally used i n  a 
The needle  o r  i nden to r  p o i n t  which 
phonograph system. 
the  p i ck  up arm a s h o r t  d i s t a n c e  from the  p i v o t  p o i n t  of t he  arm. 
A dc so lenoid  was a t t a c h e d  t o  the  s t a t i o n a r y  p a r t  of 
The 
plunger  of  the so lenoid  w a s  a t t ached  t o  t h e  arm. 
a continuous force  range o f  0 t o  10 dynes by simply vary ing  the  c u r r e n t  
This arrangement permi t ted  
5 
supp l i ed  t o  the so lenoid .  The fo rce  was c a l i b r a t e d  i n  terms o f  t h e  so l eno id  
c u r r e n t .  The device t o  be t e s t e d  was mounted under the  needle  on a p r e c i s i o n  
I-- Balance Weight 
- Table  
F ig .  15. Schematic of Experimental  S t r e s s i n g  Apparatus .  
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Fig .  16. Photograph o f  Experimental S t r e s s i n g  Device. 
x-y s t a g e .  Due t o  the  s m a l l  s i z e  o f  t he  dev ices  under tes t  i t  was necessa ry  
t o  perform t h e  alignment between the device and need le  under a microscope. 
Several test  jigs of t h e  type shown i n  Fig.  1 7  were cons t ruc t ed  t o  
perform temperature  and long term s t a b i l i t y  tests. 
two b r a s s  b locks  i n s u l a t e d  from each o t h e r  by a t h i n  s h e e t  of mylar. 
bottom b lock  served as a support  f o r  t h e  sample and provides  f o r  e lec t r ica l  
c o n t a c t  t o  one s i d e  of t h e  device.  The t o p  block has  a h o l e  d r i l l e d  through 
it i n t o  which a s t e e l  phonograph need le  is  i n s e r t e d .  The need le  serves both 
as an  e lectr ical  c o n t a c t  and as t h e  s t r e s s i n g  mechanism. 
one simply p o s i t i o n s  t h e  sample t o  be t e s t e d  beneath t h e  needle  and a p p l i e s  
t h e  d e s i r e d  f o r c e  on t h e  needle  by means of a weight a t t a c h e d  t o  a p i n  w i t h  
t h e  p i n  iriserted i n  t h e  h z l e  nf t h e  top  b lock  and i n  mechanical c o n t a c t  w i t h  
t h e  needle .  
These j i g s  c o n s i s t e d  of 
The 
To use  t h i s  j i g ,  
The e l ec t r i ca l  cu r ren t -vo l t age  c h a r a c t e r i s t i c s  as a f u n c t i o n  of stress 
w e r e  t h e  parameters  of i n t e r e s t .  The c u r r e n t  range of i n t e r e s t  covered about 
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/ Weight 
Pin 
-Top Block 
Mylar Sheet - Steel Needle 
7 Sample 
Fig. 17. Stressing Jig 
four to eight orders of magnitude. 
were recorded directly on an x-y recorder. 
current range a circuit was constructed which allowed the x-y recorder to 
plot the natural logarithm of current as a function of either voltage or 
solenoid current. An "ideal" diode (one in which the current through the 
device is proportional to the exponential of the voltage across the junction) 
was used as the logarithm element. 
junction of a Texas Instrument 2N1711 planar transistor in which the base 
and collector leads were connected together. 
drawings of the test arrangement used for measuring the I -V  characteristics 
of diodes and transistors under stressed conditions. 
Most of the data taken on the devices 
In order to cover the large 
The diode used was the emitter-base 
Figures 18 and 19 are schematic 
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Fig. 18. Schematic of Diode Test Circu i t .  
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F i g .  19. Schematic of Transistor Test Circui t .  
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4 . 3  Mesa Diodes 
Mesa diodes were s t u d i e d  more e x t e n s i v e l y  than  any o t h e r  j u n c t i o n  
dev ice  due mainly t o  t h e  f a c t  t h a t  they are easier t o  f a b r i c a t e  and are 
more a c c e s s i b l e  f o r  t h e  a p p l i c a t i o n  of stress. Since mesa diodes s t a n d  up 
on t h e i r  base  s u b s t r a t e ,  stress can b e  app l i ed  over t h e i r  e n t i r e  area by a 
pos t  which has  a c r o s s - s e c t i o n a l  area l a r g e r  t han  t h a t  of t h e  diode. This  
i s  p a r t i c u l a r l y  convenient s i n c e  t h e  stress s e n s i t i v i t y  of a diode i s  propor- 
t i o n a l  t o  t h e  r a t i o  of t h e  diode area under stress t o  t h e  t o t a l  diode area, 
see E q s .  (3.17) and ( 3 . 3 3 ) .  Figure  20 is a s k e t c h  of t h e  mesa s t r u c t u r e .  
In  t h i s  s t r u c t u r e ,  t h e  steel p o s t  a l s o  s e r v e s  t o  make e lectr ical  c o n t a c t  t o  
one s i d e  of t h e  diode. 
Force 
1- Nickel  
P l a t i n g  
F i g .  20. Sketch of Mesa Diode S t r u c t u r e .  
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Mesa diodes were f a b r i c a t e d  i n  t h e  l a b o r a t o r y  by d i f f u s i o n  and photo- 
l i t h o g r a p h i c  techniques.  The photoengraving t echn iques  used h e r e  were of t h e  
c o n t a c t  p r i n t i n g  type  and are described f u l l y  i n  r e f e r e n c e  [371. 
process  used w a s  t h e  gas  source type and i s  desc r ibed  i n  r e f e r e n c e  The 
fol lowing paragraphs d e s c r i b e  i n  some d e t a i l  t h e  procedure used t o  form a p-n 
diode on an  n-type s u b s t r a t e .  
The d i f f u s i o n  
381. 
The s i l i c o n  s u b s t r a t e  was cleaned by t h e  fo l lowing  method: 
1. B o i l  i n  t r i c h l o r o e t h y l e n e  (T.C.E). 
2. Rinse i n  methyl alcohol.  
3 .  Rinse i n  deionized water. 
4 .  Boi l  i n  n i t r i c  acid ("0 ). 3 
5. Rinse i n  deionized water. 
Following t h e  c l ean ing  t h e  n-type sample w a s  p l aced  i n t o  a d i f f u s i o n  furnace 
where a p-type l a y e r  w a s  diffused i n t o  t h e  entire s u r f a c e .  The diborane gas 
d i f f u s i o n  process  w a s  used. 
v a r i e d  so  t h a t  t h e i r  e f f e c t s  on t h e  p i e z o j u n c t i o n  phenomenon could b e  
determined. 
Junct ion depth and s u r f a c e  concen t r a t ion  were 
Following t h e  d i f f u s i o n  p rocess ,  t h e  p-type l a y e r  w a s  removed from 
one s i d e  of t h e  sample (wafer) by mechanical ly  l app ing  t h e  su r face .  
w a s  done t o  provide e l e c t r i c a l  c o n t a c t  w i th  t h e  n-region of t h e  f i n i s h e d  
diodes.  
wax and t h e  sample w a s  a g a i n  cleaned and t r a n s f e r r e d  t o  an e l e c t r o l e s s  n i c k e l  
p l a t i n g  ba th .  
n i c k e l  l a y e r  t o  provide a good electrical  c o n t a c t .  
This  
A f t e r  l a p p i n g , t h e  nonlapped s i d e  of the  wafer w a s  coated w i t h  
Thus t h e  lapped o r  n-region of the wafer w a s  coated wi th  a 
The wafer w a s  then cleaned a g a i n  and placed i n t o  a vacuum evaporator  
where a l a y e r  of aluminum was evaporated on to  the s i d e  oppos i t e  t h e  n i c k e l .  
This  p rov ides  an  e l e c t r i c a l  contact  t o  t h e  p-region of t h e  wafer.  A 
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p h o t o s e n s i t i v e  acid r e s i s t  w a s  t hen  placed on t h e  aluminum s i d e  of t h e  
wafer.  Following a cu r ing  c y c l e ,  t h e  resist w a s  exposed through a mask 
designed t o  leaveunexposed 25 p a t t e r n s  of s i x  s m a l l  c i r c u l a r  d o t s .  
exposed p h o t o r e s i s t  w a s  t hen  removed i n  a developing s o l u t i o n  l eav ing  only 
t h e  150 d o t s  where d iodes  were d e s i r e d .  
i n  a s o l u t i o n  of HN03 and HF t o  e t c h  away t h e  aluminum and underlying s i l i c o n .  
The wafer w a s  allowed t o  remain i n  t h e  e t c h  s o l u t i o n  u n t i l  i t  had etched 
through t h e  d i f f u s e d  p-type l a y e r .  
The 
The developed wafer w a s  t hen  submerged 
The 6 diodes i n  each p a t t e r n  were of t h r e e  d i f f e r e n t  s i z e s .  
diameters  of t h e  diodes were 90, 4 5 ,  and 28  microns. A photomicrograph of 
a 6 diode p a t t e r n  a s  desc r ibed  above i s  shown i n  Fig.  21 .  
Typ ica l  
Fig.  21. Photomicrograph of a 6 Mesa Diode P a t t e r n .  
I n  t h e  forward b i a sed  case  t h e  c u r r e n t  is  e x p o n e n t i a l l y  r e l a t e d  t o  
vo l t age .  
knee a t  approximately 0.6 v o l t s  a t  c u r r e n t  l e v e l s  i n  t h e  vamp range. 
When p l o t t e d  on l i n e a r  graph paper t h e  I - V  c h a r a c t e r i s t i c s  have a 
I 
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When subjected to large mechanical stresses the knee is shifted in voltage 
toward the origin. This can be seen from the theory discussed in Sect. 3 
above. Assuming first that the diode current is "ideal" and second that the - 
!E 
ekT, then from stress is large enough ('L lolo dynes/cm ) so that yy(e)a 2 - 
Eq. (3.19) which applies for mesa diodes 
qcae 
I = I ekT (ekT - 1) , 
0 
where c is a constant depending on the stress orientation. 
voltages greater than a few hundredths of a volt such that ekT >> 1, Eq. (4.1) 
For forward 
P, 
becomes 
A s  can be seen from Eq. (4.2), the voltage at which the knee occurs as seen 
on a linear plot of I vs V will be shifted toward the origin. The same 
procedure can be used to show that the same type of behavior is observed 
for generation-recombination currents as a function of forward voltage. 
Figure 22 shows the I-V characterization of an experimental mesa 
diode as displayed on a transistor curve tracer. 
volts/cm and the vertical scale is 0.01 ma/cm. 
The horizontal scale is 0.2 
The curve to the far right of 
the figure is that obtained for zero applied stress. 
with the second from the right and progressing left are those obtained by 
The curves beginning 
applying an increasing stress to the diode. 
A typical set of forward biased current-voltage characteristics of 
a mesa diode for different stress levels is shown in Fig. 25. The diode 
was fabricated on a 0.01 ohm-cm crystal with a (100) orientation. The junction 
depth was approximately 3 microns and the diode diameter was 42 microns. 
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Fig. 22. Forward I-V Characterization of a Mesa Diode Under Stress. 
There are several significant features of the characteristics as 
shown in Fig. 23. For voltages below 0 . 3  volts, all of the curves have the 
same slope, qV/kT, where kT 2 0.026 ev at room temperature. For low stress 
levels and voltages above 0 . 3  volts the slopes of the curves are functions of 
stress. In the latter case where the stress is zero, the slope is approxi- 
mately qV/2kT. A s  stress is increased the slopes again approach a constant 
of qV/kT. 
The change in the slope of the I-V characteristics can result from 
either the "ideal" or generation-recombination components or both. 
first the "ideal" component, the slope of the I-V characteristics can change 
from qV/kT at low injection levels to a qV/2kT at high injection levels. 
voltage at which high injection takes place for 0.01 ohm-cm crystal resistivity 
is approximately 0.65 volts. 
approximately 0.3 volts, high injection can be eliminated. 
generation-recombination component of current, it is seen from Eq. (3.25) 
Considering 
The 
Since the slope change in the diode occurs at 
Turning to the 
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v ( v o l t s )  
Fig.  23.  Current  vs Forward Voltage C h a r a c t e r i s t i c s  of a Mesa Diode Under 
Various Stress Levels .  
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(neglecting the change in junction width as a function of voltage) that the I U 
have ii slope change from qV/kT at low voltages to a qV/2kT at higher voltages. 
can 
From Chapter 111 it is seen that the "ideal" component increases in 
magnitude in proportion to y (e) with increasing stress and that the generation- 
recombination component increases in proportion to im' with increasing 
stress. 
V 
V 
Stress then has the effect of amplifying the ''ideal'' component more 
than the generation-recombination component. In light of the above discussion, 
if the unstressed current is essentially generation-recombination current, 
th&n as stress is increased the "ideal" component becomes increasingly impor- 
tant and at higher stress levels the "ideal" component dominates the total 
current. The "ideal" component has the qV/kT slope. The theory is therefore 
consistent with the experimental data. 
Current-stress characteristics of the diode just discussed for several 
voltages are shown in Fig. 24.  These curves are essentially e) since 
YV( 
(e) = I(e)/I(o). Comparing the data in Fig. 24 with that shown in Fig. 9 
y v 
for (e) which was calculated theoretically it is seen that there is excellent 
agreement. A large number of samples were tested in order to determine experi- 
V 
mentally the parameter (e) as a function of stress. Contrary to t i : ,  above 
good agreement with the theoretical dependence of e) ori 5 -12~5, r was found 
experimentally that 
but in most cases the magnitude of the force required to give the :;.-me value 
V 
YV( 
(e) had the same general characteristics as the theoretical 
YV 
of yv(e) was lower than the theoretical value and varied from sample to sample. 
This variation was found with samples made on the same crystal at the same 
time and stressed with the same needle. Figure 25 shows an exanple of this 
variation for two diodes on the same crystal. 
The large variation in (e) as a function of stress is expected since 
YV 
(e) is exponentially related to stress. The nominal stress in the present 
YV 
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Fig. 24. Current a s  a Function of  S tres s  a t  Severai Yoitage Levels f o r  
the Diode Characteristics Shown i n  F ig .  23 .  
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Fig. 2 5 .  yv(e) as a Function of Stress for Two Diodes Made on the 3 e 
(111) Wafer. 
experiments was calculated from measurements of force and diode diameter. The 
data indicate that the actual or effective stress varies from sample to sample. 
This probably results from variations in the area over which the force acts. 
This is believed to result from a non-uniform or rough surface on the diode 
and from the non-linearity of y (e) vs strain. 
close to the surface of the diode (0.5 - 10 microns), a rough diode surface 
would cause uneven stress to be set up in the junction. 
Since the junctions are very 
V 
6 3  
A series of tests was made t o  determine the effect of crystal orien- 
tation on the phenomenon. 
different crystal orientations. 
order of decreasing sensitivity are <loo>, <110>, and <Ill>. 
agreement with the theory as shown in Fig. 9 in which the theoretical values 
of y,(e) are plotted. 
Figure 26 is a typical plot of y,(e> for three 
As shown in the figure, the orientations in 
This is in 
lo3 
lo2 
n 
Q) 
A 
W 
> 
10 
1 
[loo] --+ 
lo8 lo9  1o1O l o l l  
2 
a(dynes/cm 1 
Fig. 26. yv(e) as a Function of Stress for a [loo], 
Uniaxial Stress. 
[llo], and [1111 
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Experiments were performed to determine the effect of junction depth 
on the phenomenon. 
more sensitive the devices are to stress. Figures 27 and 28 show the I-V 
characteristics at several stress levels for 0.6 and a 2.5 micron junction 
respectively. There are two reasons why stress sensitivity increases with 
decreasing junction depth. First , for shallow junctions the "ideal" current 
component is larger than it is for deep junctions. 
minority carrier density gradients (see Eq. (E.2) and E.3) of Appendix E). 
The closer the junction is to the surface the steeper the gradient for the 
minority carriers near the surface. The second reason for increased stress 
sensitivity is that the closer the junction is to the surface the more 
nonuniform the stress is in the junction due to surface roughness of the 
diode. 
It was found that the shallower the junction depth the 
This is due to larger 
The observations described above on mesa diodes have been limited to 
the forward biased characteristics. The reverse biased characteristics of 
these diodes are very complicated and difficult to compare t o  the existing 
diode theories. 
bias conditions. 
be correlated with either the ideal currents (I = constant) or th LUJ 
generation-recombination current (I a V1'3 or V 1'2). 
major contribution to the diode current in the reverse biased case i s  probably 
either surface channels or surface generation-recombination currents. 
fact that such currents are present is not surprising since the mesa structure 
has no junction passivation. 
beyond the scope of this work. 
teristics in general is given in Ref. [39]. 
Figure 29 is a plot of the I -V characteristics under reverse 
A s  can be seen from the figure, the characteristics cannot 
This means that the 
The 
A theoretical analysis of these currents is 
However, a thorough treatment of diode charac- 
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Fig. 27. I-V Characteristics of a Mesa Diode Under Varying Stress Condi- 
tions. 
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66 
lo-( 
n 
a 
E a 
(0 
W 
a 
H 
lo-’  
- t  
10 
lo-!  
. 2  . 3  .4 .5  
Vd ( v o l t s )  
F ig .  2 8 .  I -V Characteristics of a Mesa Diode 
t ions .  The Junction Depth was 2 . 5 ~  
(111) Plane. 
30 gm 
37 gm 
42 gm 
.6 .7 
Under Varying Stress  Condi- 
and the Orientation Was a 
67 
c 
n 
cn 
8 
v 
I 4  
0 2 4 6 8 10 12 14 16 18 
v (volts) 
Fig. 29. Reverse I-V Characteristics of a Mesa Diode. 
Measurements on the reverse characteristics of the mesa diodes observed 
here have shown that there is little if any effect on the characteristics due 
to mechanical stress. 
would not expect stress applied to the top of the mesa to have much effect on 
surface channels that might be present on the periphery near and below the 
junction. Even if the currents are of the surface generation-recombination 
type there is no present means of describing the effect of mechanical stress 
on these currents. In fact, as discussed in Sect. 3 ,  one cannot describe the 
reverse characteristics of bulk type generation-recombination currents since 
Due to the physical geometry of the mesa structure, one 
+-l.ern CIIC.LL - & _  9%-0 I ~ C !  present data on the effect of stress on the trap levels which 
cause these currents. 
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The fact that mesa diodes, in particular those discussed above, are 
not stress sensitive in the reverse direction does not eliminate their appli- 
cation as a transducer. 
biased condition. 
levels and impedances required in a particular application. 
can be fabricated with passivated junctions which could possibly eliminate 
this objection. 
It simply requires that they be operated in a forward 
This may or may not be detrimental depending on the output 
Also, mesa diodes 
Mesa diodes were tested to determine the effect of temperature on the 
piezojunction phenomenon. 
voltage for stress levels of 0, 8.1 x 10 
respectively. 
function of the diode temperature and the higher the stress level the less 
temperature effects the characteristics. 
teristics plotted as a function of temperature for a constant voltage of 
0.3 volts. 
in Sect. 3 .  
Figures 30, 31 and 32 are plots of current vs forward 
9 10 2 dynes/cm2 and 1 x 10 dynes/cm 
As can be seen in the figures, the forward current is a strong 
Figure 33 s h o w s  these same charac- 
The slope of RnI vs T decreases with increasing stress as predicted 
In terms of transducer applications it is unfortunate that the stress 
sensitivity of diode current is a function of temperature. 
in Figs. 30 - 33 reveals that it would be very difficult to temperatiire 
compensate a diode if current is used as a measure of stress. At temperatures 
on the order of 4OoC to 6OoC the current sensitivity is approximately constant 
which means that over this limited range one could probably temperature compen- 
sate. 
Analyzing the data 
The diode voltage dependence on stress at a constant current is a 
more attractive parameter to work with in temperature compensation. 
however, is a linear function of stress while current is an exponential function, 
hence less sensitivity will be obtained. 
Voltage, 
From Eq. ( 4 . 2 )  it is seen that at high 
c 
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Fig. 30. I - V  Characteristics as a Function of Temperature under no Load 
Condition. 
70 
n 
m 
8 
W 
H 
10- 
9 2 dynes/cm u = 8.1 x 10 
1 1 I 1 1 
0.2 0.3 0.4 0.5 
v (volts) 
Fig. 31. I - V  Characteristics as a Function of Temperature for a Load of 
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F i g .  32. I-V Characteristics as a Function of Temperature f o r  a Load sf 
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Fig. 3 3 .  Current as a Function of Temperature for the Three Stress Levels 
Shown in Figures 30, 31 and 3 2 .  
stress levels the voltage and stress can be combined into the same exponential 
term, i.e. 
q (V+cu) 
kT I = Io(T> e 
One way to temperature compensate is to use a bridge of the type shown in 
Fig. 34  in which two identical diodes are used with one being stressed. In 
this circuit, if the two diodes are identical with the exception of stress, 
and R1 and R2 are much larger than the resistance of the diodes so that the 
current through each diode is constant, the voltmeter should read a voltage 
which is cu in Eq. ( 4 . 2 )  and be independent of temperature. That is, a 
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Fig.  3 4 .  Bridge C i r c u i t  f o r  Eliminating Temperature i n  Diode Sensors.  
l i n e a r  ou tpu t  which is independent of temperature.  Prel iminary tests have 
shown t h a t  t h i s  c i r c u i t  may work, however more tes ts  are requ i r ed  b e f o r e  any 
d e f i n i t e  conclusion can be drawn. 
diodes.  
The b i g  problem is  t o  o b t a i n  two i d e n t i c a l  
I n  some a p p l i c a t i o n s  i t  may b e  d e s i r a b l e  t o  hold temperature cons t an t .  
I n  o r d e r  t o  determine t h e  s t a b i l i t y  of t h e  p i ezo junc t ion  phenomenon wi th  
t i m e ,  a mesa diode w a s  placed i n  one of the b r a s s  tes t  j i g s  w i th  t h e  diode 
under a cons t an t  l oad  and allowed t o  remain t h e r e  f o r  s e v e r a l  months. The 
I -V  c h a r a c t e r i s t i c s  were monitored d a i l y  t o  determine i f  t h e r e  w a s  any change. 
It w a s  found, t h a t  w i t h i n  t h e  accuracy of the measuring equipment, t h e r e  w a s  
no change. 
b e  ve ry  s t a b l e  wi th  t i m e  wh i l e  the dev ice  i s  operated under s t a t i c  cond i t ions .  
No tests have been run  t o  determine the l ong  tern- e f f e c t s  of dynamic loading.  
Based on t h i s  tes t ,  a t r ansduce r  u s ing  the p r e s e n t  phenomenon should 
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Based on the present theory and experiments, it is concluded that mesa 
diodes can be used as a mechanical stress transducer. It should be pointed 
out that, contrary to the present work, mesa diodes characteristics are, in 
general, susceptible to variations with environment and time. This will 
depend largely on the fabrication process and operating environment. 
4.4 Planar Diodes 
Planar type silicon diodes have been fabricated in the laboratory and 
tested to determine the effect of stress on their characteristics. Standard 
photoengraving and diffusion techniques were used to fabricate these diodes. 
Figure 35 is a sketch of the structure. The planar diodes as fabricated here 
Force 
P 
Fig. 35. Schematic of Planar Diode Structure. 
had a silicon dioxide glass layer over the region where the p-n junction 
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comes to the surface of the device. This, of course, passivates the junction, 
and hence, the diodes were found to be relatively stable with time and environ- 
ment. 
Figure 36 is a typical plot of diode current versus forward voltage for 
several stress levels. The sample crystal was 1 ohm-cm with a (111) orientation. 
A s  was the case for mesa diodes, the slopes of the curves for planars are 
stress sensitive at low stress levels. It appears that the total diode current 
in this case is almost all ''ideal" as evidenced by the slope of approximately 
qV/kT and the many orders of magnitude of current over which the slope is 
constant. 
the curves at the higher voltage levels. Figure 37 shows the current vs stress 
characteristics for several voltage levels. 
the same as those for mesa diodes. 
The effect of spreading resistance can be seen by the turnover of 
The characteristics are essentially 
Figure 38 shows the effect of stress on the reverse biased characteris- 
tics of a planar diode. Unlike the mesa diodes, the reverse current is stress 
dependent in planar devices. This means that planar devices have less surface 
currents and more bulk generation-recombination and "ideal" currents. 
planar diodes the reverse current can easily be used as a measure of the diode 
stress. 
In 
4.5 Transistors 
A variety of commercial and laboratory silicon transistors have been 
tested with the aim of exhibiting the many facets of the piezojunction pheno- 
menon iii the twc-jcEction devices. All transistors used in these experiments 
have been of the planar diffused type. 
cated by using standard photoengraving techniques and a gas source diffusion 
The laboratory transistors were fabri- 
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Fig. 36. I-V Characteristics of a Planar Diode Under SeveralNominal Stress 
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Fig. 37. Current  vs Nominal Stress f o r  a (111) Plane Planar Diode for 
Severa l  Voltage Levels. 
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Fig. 38. Reverse I -V Characteristics of a Planar Diode Under Stress. 
furnace. 
several locations at which stress was applied to the device by small indentor 
points. In all locations, the stress or strain field must be at or near a 
junction in order to alter the electrical characteristics. Indentor points 
made of steel, sapphire, and diamond have been used in the experiments. Of 
these, diamond is harder than silicon and consequently produced more anisotropic 
stress than steel or sapphire. 
Figure 39 is a sketch of a typical planar transistor showing the 
The most interesting results have been obtained on transistors in 
which stress was applied either directly on the emitter-base junction or 
near the emitter-base junction on the emitter side. The latter can be done 
in two ways. The first method i s  to place the indentor very close to the 
junction where the junction comes to the surface. The second is  to apply 
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t o r  
) S i l i c o n  n 
Fig.  39 .  Cross s e c t i o n  of a Planar T r a n s i s t o r  Showing P o i n t s  of Stress 
Applicat ion.  
t h e  inden to r  anywhere i n  t h e  emitter r eg ion .  
s p h e r i c a l  i nden to r  p o i n t  i s  a t t e n u a t e d  ve ry  f a s t  w i t h  d i s t a n c e  underneath 
t h e  inden to r .  When t h e  inden to r  is placed on the  emit ter  t h e r e  i s  some 
stress on the  base s i d e  o f  t he  junc t ion ;  however, t he  stress on the  emitter 
s i d e  o f  t he  j u n c t i o n  i s  l a r g e r  and e s s e n t i a l l y  dominates t h e  p i ezo junc t ion  
e f f e c t .  
The stress produced by a 
A s  d i scussed  i n  Sect .  3,  stress induced changes i n  t h e  e lectr ical  
c h a r a c t e r i s t i c s  are dependent on t h e  p a r t i c u l a r  mode of t r a n s i s t o r  o p e r t a i o n  
and t h e  l o c a t i o n  of t h e  mechanical stress f i e l d  i n  the device.  The f a c t  t h a t  
d i f f e r e n t  modes of o p e r a t i o n  give d i f f e r e n t  stress dependent c h a r a c t e r i s t i c s  
i s  i l l u s t r a t e d  i n  Fig. 40 which shows Photographs made on a t r a n s i s t o r  
curve tracer. T'nis f i g z r e  depfc ts  the e f f e c t  of stress on the c o l l e c t o r  
c u r r e n t  v s  c o l l e c t o r  v o l t a g e  of a 2N3053 t r a n s i s t o r  operated i n  both t h e  
(a) F = 0 gm 
(b) F = 75 gm 
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(e) F = 75 g m  
(c) F = 115 gm (f) F = 115 gm 
Fig .  40. IC vs Vc for a 2N3053 Under Stress. 
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common emitter mode and common base mode. In Fig. 40 (a), (b), and (c) are 
common emitter characteristics with a base current drive of 0.05 ma/step while 
(d), (e), and (f) are common base characteristics with an emitter current 
drive of 2 ma/step. 
is 2 volts/cm. 
region of the device (position A of Fig. 39). Characteristics (a) and (d) 
were obtained with zero stress applied, (b) and (e) with 75 grams and (c) and 
(f) with 115 grams. 
The vertical scale is 2 ma/cm and the horizontal scale 
Stress was applied by a 3 mil steel needle to the emitter 
From Fig. 40, it is seen that when the transistor is operated in the 
common emitter mode ((a), (b), (c) )  the gain or B of the device is drastically 
reduced by stress. 
very slightly as seen in (d), (e), and (f). This is expected however since 
In the common base mode the gain or a is reduced only 
1 
1 - a  
B = - *  (4.3) 
If a is near unity then small decreases induced by stress will be reflected 
by large changes in B .  
The effect of stress on the collector current with either emitter 
current constant or base current constant for a 2N1958 n-p-n transistor is 
shown in Fig. 41. 
sapphire needle. A s  shown in Fig. 41 the collector current is more sensitive 
t o  stress with base current held constant than it is with emitter current 
held constant. By comparing Fig. 41 with Fig. 14, which was calculated 
theoretically, it is seen that the experimental results are in good qualita- 
tive agreement with the theory. 
The stress was applied to the emitter by a 0.7 mil 
Figure 42 is a plot of IC as a function of V for several stress eb 
levels in a laboratory n-p-n planar transistor. In this case the stress was 
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Fig .  41. Ratio of Stressed t o  Unstressed Collector Current of a 2N1958 
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applied to the emitter with a 3 mil steel needle. 
base current with collector current and emitter-base voltage held constant is 
shown in Fig. 4 3 .  
by a 0.7 mil sapphire needle. The base current of an n-p-n 2N2102 transistor 
as a function of emitter-base voltage for several levels is shown in Fig. 4 4 .  
In this case the emitter-base junction was stressed where it comes to the 
surface with a 3 mil sapphire needle. 
over the junction and the stress was applied through the oxide. 
The effect of stress on the 
The transistor was a 2N2102 n-p-n device with stress applied 
This particular device had an oxide 
Fig. 4 3 .  Base Current as a Function of Stress with the Emitter-Base Voltage 
Held Constant for an n-p-n 2N2102 Transistor Stressed in the 
Emitter Area with a Sapphire Needle. 
0 . 3  0.4 0 . 5  0 . 6  0.7 
Veb ( v o l t s )  
F i g .  4 4 .  Base Current as a Function o f  E m i t t e r  Base Voltage for  Three 
Stress Levels i n  an n-p-n S i l i c o n  Transistor. 
was s tres sed  on the emitter base junction with a 3 m i l  Sapphire 
needle.  
The t rans i s tor  
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Stress applied on the base side of the emitter-base junction has a 
much smaller effect on the electrical characteristics of most transistors. 
It was found, however, that in some power transistors a stress on the base 
side of the e-b junction causes the base current to decrease. Figure 45 
is a plot of base current as a function of emitter-base voltage for constant 
emitter current and several stress levels. This device was an n-p-n power 
transistor manufactured by Solid State Products Inc. The stress was applied 
with a 0.7 mil sapphire needle near the emitter-base junction on the base 
side. 
go negative at low voltages and high stress levels. This means that the 
collector-base potential has been lowered by the stress to the point that 
the collector leakage is larger than the emitter current. Stress applied 
on the collector side of the base-collector junction was found to have 
little or no effect on transistor characteristics. 
As shown in the figure the base current can be made to decrease and 
It can be concluded from this study of stress induced changes in the 
electrical characteristic of transistors that the most sensitive operating 
configuration for use in transducers is the common emitter mode with stress 
applied to the emitter side of the emitter-base junction. In this mode the 
gain or B is changed with stress. Another way of looking s t  the phenomenon 
is to consider the emitter-base junction as a diode which, when stressed, 
results in altered electrical characteristics amplified by the gain of the 
transistor. In other words, similar effects could be obtained by using a 
diode stress transducer to bias a transistor. In many ways, this can be 
desirable since stress alters parameters in addition to gain. 
One important point which has not been mentioned is the effect of 
generation-recombination current in transistors. These currents cause the 
base current not to have the same slope as the collector current when plotted 
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against emitter-base voltage. 
at low emitter-base voltages. 
subject to change with stress, as discussed in Sect. 3 ,  they are not as 
sensitive to stress as the "ideal" currents. Like diodes, a transistor will 
be more sensitive to stress if the "ideal" currents predominate. 
These currents tend to lower the gain, especially 
Although generation-recombination currents are 
4.6 Four-Layer Diodes 
Three junction devices (four-layer diodes) were fabricated and tested 
to determine the effect of mechanical stress on their characteristics. Both 
planar and mesa type devices were studied. 
in the same manner as the mesa diodes by replacing the single diffusion step 
in the diode case with three diffusions. In four-region devices, the first 
diffusion must be deep and must have a low surface concentration. 
The mesa structures were constructed 
Two processes have been used to perform this diffusion. The first 
has been to use low impurity concentrations in the furnace and to diffuse 
for a long period of time (% 64 hrs). 
shallow diffusion with a high surface concentration followed by a drive-in 
period. 
no impurities present. The temperature and time allows the shallow junction 
to spread much deeper into the sample and also lowers the surface impurity con- 
centration. 
The second method has been t o  make a 
The drive-in has consisted of placing the sample in a furnace with 
The drive-in process was successful and yielded good reproducibility. 
Figure 46 shows a sketch of a mesa 4-layer diode. Steel needles have 
been used to apply force to these devices. 
teristics of these devices can be made by assuming they behave as two 
transistors connected together as shown in Fig. 47. In this arrangement, 
A simple analysis of the charac- 
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Fig .  46. Sketch of a Mesa Type Four Region Device. 
T r a n s i s t o r  
No. 1 
T r a n s i s t o r  
No. 2 
Fig.  47. T rans i s to r  Equiva len t  of a 4-Layer Device. 
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transistor No. lhas a base region common to the collector of transistor 
No. 2 and a collector common to the base of transistor No. 2 .  
When a negative potential isappliedto the top layer and a positive 
potential to the bottom layer, junctions @ and @) are forward biased while 
junction @ is reverse biased. Since junction @ is reversed biased the 
total device exhibits a large impedance. This remains the case until the 
current reaches a level such that the sum of the two a ' s  of transistors 
No. 1 and No. 2 reach unity. At this point the voltage across junction @ 
is near the breakdown voltage. It is at this point that the voltage-current 
relationship becomes unstable and a lower voltage supports the same current 
flow. Figure 48 is a photograph made on a transistor curve tracer showing 
the I-V characteristics of a typical mesa 4-layer diode. Current is shown 
on the vertical scale and voltage on the horizontal. 
Fig. 48. I -V  Characteristics of a Four Region Device. 
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When four region devices are subjected to mechanical stress the 
breakdown voltage is lowered. 
teristics for several stress levels. In the figure the vertical scale is 
2 ma/cm and the horizontal scale is 2 volts/cm. 
left are for 0, 2.5, 100, and 115 grams respectively. 
Figure 49 shows a photograph of the charac- 
The curves from the right to 
Fig. 49. I-V Characteristics of a Mesa &Layer Device Under Stress. 
Due to the negative resistance characteristics of &layer diodes, 
they are ideal elements to use in oscillator circuits. 
of an oscillator circuit used to determine the effect of stress on the 4-layer 
diode and its relation to output frequency. Figure 51 shows the waveform of 
such an oscillator. When the four-region device is stressed, the oscillator 
increases and the amplitude decreases. Both of these parameters can be used 
as a measure of the force applied to the diode. Figure 52 is a plot of Af 
and amplitude as a function of applied force for a device stressed with a 3 mil 
radius of curvature steel needle. Figure 53 is also a typical plot of Af as a 
function of stress. In these devices, the stress level necessary to cause 
significant changes is slightly lower than for regular diodes or transistors. 
Figure 50 is a schematic 
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Fig .  52. O s c i l l a t o r  Amplitude and Frequency Change ( A f )  as a Function of 
Force f o r  a &Layer  Switch O s c i l l a t o r  Under Stress. 
Of t h e  many d i f f e r e n t  ways of u s ing  p-n j u n c t i o n  dev ices  as stress 
s e n s o r s ,  t h e  4-layer diode o s c i l l a t o r  i s  one of t h e  most i n t e r e s t i n g .  
i s  n o t  only as s e n s i t i v e  as other  dev ices  b u t  a l s o  provides  a d i r e c t  frequency 
modulated output .  
frequency than  i t  i s  c u r r e n t  o r  vo l t age .  
a l m g  these l i n e s  i s  t h a t  t h e  frequency of t h e  o s c i l l a t o r  can b e  v a r i e d  over 
a l a r g e  o p e r a t i n g  range by simply varying t h e  v a l u e s  of t h e  r e s i s t o r  and 
c a p a c i t o r .  
It 
In gene ra l ,  i t  i s  much easier t o  read s m a l l  changes i n  
One ve ry  important c o n s i d e r a t i o n  
94 
10 
8 
6 
h 
N 
0 
4 
X 
m a u 
W 
w 4  a 
2 
0 
1 2 3 4 5 6 0 
&yX -+ 
c m  
Fig.  53. Frequency Change as a Funct ion of Stress f o r  a Typica l  &Layer 
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Chapter V 
TRANSDUCER DEVELOPMENT 
5.1 In t roduc t ion  
I n  o r d e r  t o  u t i l i z e  p-n junc t ion  devices  as stress t r ansduce r s  t he  
10 2 stress l e v e l  must be on the order  o f  lo9 - 10 
l e v e l s  are nea r  t h e  f r a c t u r e  s t r e n g t h  o f  s i l i c o n  and germanium. The f r a c t u r e  
s t r e n g t h  as measured us ing  s i l i c o n  b a r s  i s  on the o r d e r  of 3 x 10 dynes/cm . 
This  va lue  might be considered as a bu lk  va lue  and, as evidenced by t h e  stress 
l e v e l s  used i n  t h i s  work, the f r a c t u r e  s t r e n g t h  over s m a l l  r eg ions  i s  con- 
s i d e r a b l y  l a r g e r  (- 3 x 10 dynes/cm ). Any u s e f u l  t r ansduce r  which 
u t i l i z e s  the  p i ezo junc t ion  e f f e c t  w i l l  have t o  be designed wi th  t h i s  f r a c t u r e  
s t r e n g t h  i n  mind. 
dynes/cm . These stress 
9 2 
10 2 
There are s e v e r a l  methods o f  o b t a i n i n g  the  high stress levels needed 
f o r  t he  p i ezo junc t ion  e f f e c t .  
f ol lowing s e c t  ions.  
Some of t hese  methods are d i scussed  i n  t h e  
5.2 Inden to r  P o i n t  
The most widely used method of applying stress t o  p-n j u n c t i o n  devices  
i n  e a r l y  p i ezo junc t ion  experiments and t r ansduce r s  has been wi th  inden to r  
p o i n t s .  An i nden to r  po in t ,  i n  most cases, i s  simply a steel, diamond, o r  
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sapph i re  phonograph needle.  
f i r s t  p l a c i n g  the indentor  p o i n t  on t h e  j u n c t i o n  t o  be s t r e s s e d  and then 
applying a c a l i b r a t e d  fo rce  t o  the indentor .  
S t r e s s  i s  a p p l i e d  t o  a p-n j u n c t i o n  device by 
The major advantage t o  using an inden to r  p o i n t  i s  t h a t  t h e  s t ress  
i s  n o t  a l i n e a r  funct ion o f  t he  app l i ed  force.  As f o r c e  i s  inc reased  the 
s t r e s s e d  area increases .  This means t h a t  f r a c t u r e  due t o  o v e r s t r e s s i n g  i s  
less l i k e l y  t o  occur. The most s e r i o u s  disadvantage i n h e r e n t  i n  t h i s  
method o f  stress a p p l i c a t i o n  i s  the  d i f f i c u l t y  o f  a l i g n i n g  the inden to r  p o i n t  
and the small  j unc t ion  a r e a  so t h a t  t h e  p o i n t  makes c o n t a c t  t o  the d e s i r e d  
l o c a t i o n  on the  junct ion.  Since the  stress levels r equ i r ed  t o  produce the  
p i ezo junc t ion  phenomenon a r e  high, i t  i s  necessa ry  t h a t  t he  s t r e s s e d  area 
be s m a l l  (- m i l s )  i n  o rde r  t h a t  t he  fo rce  r e q u i r e d  t o  gene ra t e  these  stress 
l e v e l s  i s  n o t  mammoth. The alignment process  i s  ve ry  t ed ious  and must be 
performed wi th  the a i d  o f  a microscope. The complexity o f  t h i s  process  i s  
magnified several t imes when t h e  inden to r  p o i n t  s t r e s s i n g  method i s  used i n  
I workable t ransducers  which must be sub jec t ed  t o  o t h e r  than l a b o r a t o r y  
environments. Any lateral  movement of t he  inden to r  p o i n t  removes i t  from 
the d e s i r e d  junc t ion  area and o f t e n  causes  permanent damage t o  the junc t ion .  
Another disadvantage of t h e  i nden to r  p o i n t  method o f  stress a p p l i c a t i o n  
is  the  d i f f i c u l t y  of determining the  area over  which the  s t r e s s i n g  f o r c e  i s  
appl ied.  This  area,  a long with app l i ed  f o r c e ,  must be known i n  o r d e r  t o  
a c c u r a t e l y  p r e d i c t  t h e  app l i ed  stress. 
The indentor  p o i n t  method o f  s t r e s s i n g  has  been used s u c c e s s f u l l y  
t o  b u i l d  l abora to ry  t r ansduce r s  f o r  acce le romete r s  [40]. Reference [40] 
d e s c r i b e s  i n  some d e t a i l  t h e  methods used and t h e  r e s u l t s  ob ta ined  u s i n g  
the inden to r  p o i n t  method. 
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A v a r i a t i o n  of t h e  indentor  p o i n t  method i s  o f t e n  used t o  apply 
stress t o  mesa devices .  The indentor p o i n t  i s  c a l l e d  a p o s t  i n  t h i s  i n s t a n c e  
because t h e  r a d i u s  of cu rva tu re  of t h e  inden to r  p o i n t  i s  much l a r g e r  than 
the  diameter o f  the device being s t r e s sed .  Thus, t he  e n t i r e  area o f  the 
j u n c t i o n  device i s  s t r e s s e d  by the post .  Alignment i n  t h i s  case is  n o t  as 
c r i t i c a l  and d i f f i c u l t .  
5.3 Can t i l eve r  Beam 
A c a n t i l e v e r  beam can b e  used t o  apply stress t o  a p-n junc t ion .  
This  can be accomplished by f i r s t  f a b r i c a t i n g  a s m a l l ,  t h i n  beam from s i n g l e -  
c r y s t a l  s i l i c o n .  A p-n j u n c t i o n  is then formed on one s i d e  o f  the beam. 
S t r e s s  i s  a p p l i e d  by f o r c i n g  t h e  loose end o f  t h e  beam up o r  down. The 
b i g  disadvantage t o  such a s y s t e m  is  t h e  f r a c t u r e  s t r e n g t h  o f  s i l i c o n .  In  
gene ra l ,  a c a n t i l e v e r  beam w i l l  f r a c t u r e  be fo re  the  stress l e v e l s  necessa ry  
t o  e f f e c t  p-n j u n c t i o n  c h a r a c t e r i s t i c s  are reached. Attempts have been made 
t o  so lve  t h i s  problem by e t c h i n g  a notch i n  the  beam d i r e c t l y  oppos i t e  t he  
j u n c t i o n  [41]. Although t h i s  method of c o n c e n t r a t i n g  the  stress has had 
some success ,  t he  manufacturing processes and y i e l d  would ve ry  l i k e l y  
p r o h i b i t  t h e i r  use. A l s o , i t  would be v e r y  f r a g i l e  and e a s y  t o  o v e r s t r e s s .  
A v a r i a t i o n  o f  the c a n t i l e v e r  beam i s  a beam which is  a t t a c h e d  t o  
a f i x e d  base  a t  bo th  ends. The p r i n c i p l e  o f  o p e r a t i o n  i s  i d e n t i c a l  to  the 
c a n t i l e v e r  beam excep t  fo rce  i s  app l i ed  t o  the  c e n t e r  o f  t he  beam. 
The advantages of t h e s e  methods over  t h e  i n d e n t o r  p o i n t  and p o s t  
methods i s  t h a t  no alignment problem e x i s t s .  Also, e l e c t r i c a l  c o n t a c t  w i th  
a l l  j u n c t i o n s  i s  e a s i l y  a t t a i n e d .  
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5.4 Diaphram 
Another method o f  u t i l i z i n g  the p i ezo junc t ion  phenomenon i s  a semi- 
conductor diaphram. The diaphram i s  e t ched  from a s u b s t r a t e  of t he  d e s i r e d  
material t o  a thickness  a t  which a reasonable  f o r c e  w i l l  c r e a t e  t h e  d e s i r e d  
stress l e v e l .  For s i l i c o n  and reasonable  se i smic  masses the th i ckness  i s  
less than 5 m i l s .  
It i s  p r e f e r a b l e  t o  use  the p l ana r  process  f o r  t h i s  j u n c t i o n  formation. 
S t r e s s  i s  app l i ed  to t h e  j u n c t i o n  i n  the same manner as f o r  t he  c a n t i l e v e r  
beam. 
A p-n j u n c t i o n  i s  formed i n  the  c e n t e r  of t he  diaphram. 
This diaphram i s  extremely f r a g i l e  and, thus,  ve ry  d i f f i c u l t  t o  
f a b r i c a t e .  However, i t  shows a g r e a t  p o t e n t i a l  f o r  a p p l i c a t i o n  t o  p re s su re  
t ransducers .  
5.5 Semiconductor Needles 
Another method o f  applying stress t o  a j u n c t i o n  device,  and t h e  
method considered most a p p l i c a b l e  t o  a c c e l e r a t i o n  t r a n s d u c e r s ,  i s  the  s e m i -  
conductor needle .  The semiconductor need le  i s  an outgrowth of alignment 
d i f f i c u l t i e s  encountered with the inden to r  p o i n t  s t r e s s i n g  method. A 
semiconductor needle i s  f a b r i c a t e d  from a b a r  o f  t he  d e s i r e d  material by 
us ing  an e l e c t r o e t c h i n g  technique developed f o r  t h i s  purpose. A p-n j u n c t i o n  
i s  formed on the  apex of t he  need le  by e i t h e r  t h e  mesa o r  p l ana r  techniques,  
and stress i s  appl ied by f o r c i n g  the  need le  o n t o  a conduct ive su r face .  
s i l i c o n  semiconductor needle  i s  covered i n  d e t a i l  i n  t he  fol lowing s e c t i o n  
of t h i s  r e p o r t .  
The 
I 
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5.6 S i l i c o n  Needle Development 
A s  s t a t e d  i n  the  previous s e c t i o n ,  t he  semiconductor n e e d l e  was 
developed t o  a l lev ia te  d i f f i c u l t i e s  encountered wi th  o t h e r  methods o f  
stress a p p l i c a t i o n  t o  a p-n junc t ion  device.  Although the method i s  
e q u a l l y  a p p l i c a b l e  t o  any semiconductor, a l l  d e s c r i p t i o n s  of t h e  p rocesses  
and techniques w i l l  s p e c i f y  n-type s i l i c o n  f o r  convenience. 
The needle  f a b r i c a t i o n  process begins  by using a diamond saw t o  
1 
2 s l i c e  the  sample material i n t o  r ec t angu la r  b a r s  approximately - i nch  long 
and 20 m i l s  on each s ide .  (The sample material most e x t e n s i v e l y  used has 
been 1 ohm-cm n-type s i l i c o n ) .  These b a r s  are then s i l v e r  so lde red  i n t o  t h e  
ends of b r a s s  rods  which have been p rev ious ly  d r i l l e d  f o r  t h i s  purpose so 
as t o  provide mechanical support  and e l e c t r i c a l  c o n t a c t  f o r  t h e  fol lowing 
e l e c t r o e t c h i n g  ope ra t ion .  
A p l a s t i c  v a t  w i th  a valve nea r  t h e  bottom i s  used t o  hold and 
c o n t r o l  a n i t r i c  ac id -hydro f luo r i c  a c i d  e t c h i n g  s o l u t i o n .  The r a t i o  of 
HN03 t o  HF i s  21 : 4 .  
of t h e  v a t  f o r  use as an e l e c t r o d e  f o r  t h e  process .  The e t c h i n g  so luc ion  i s  
allowed t o  slowly d r a i n  o u t  through t h e  valve and thereby lower the  l i q u i d  
level i n  the vat a t  a c o n t r o l l e d  rate.  
A platinum w i r e  i s  wound around the i n n e r  pe r iphe ry  
A mechanical manipulator i s  used t o  raise and lower t h e  b r a s s  rod- 
s i l i c o n  b a r  assembly, and i s  i n i t i a l l y  set  so t h a t  t he  t i p  o f  t h e  s i l i c o n  
1 b a r  i s  approximately - inch below the  s u r f a c e  of the  e t c h i n g  s o l u t i o n .  
The s o l u t i o n  s u r f a c e  i s  simultaneously allowed t o  recede a t  a ra te  o f  
approximately - i nch  per  minute. 
provide hole-eiectroi i  pairs a t  the s i l i c o n - s o l u t i o n  i n t e r f a c e  t o  a i d  i n  the 
e l e c t r o e t c h i n g  p rocess  [ 4 2 , 4 3 ] .  An a c  p o t e n t i a l  o f  approximately 30 v o l t s  
a 
1 A h igh  i n t e n s i t y  l i g h t  source i s  used t o  a 
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RMS i s  app l i ed  us ing  t h e  b r a s s  r o d - s i l i c o n  ba r  assembly as one e l e c t r o d e  
and t h e  platinum w i r e  as the  o the r .  This  a l lows a c u r r e n t  of approximately 
20 m a  RMS t o  flow through t h e  system. 
S i l i c o n  need le s  f a b r i c a t e d  by t h i s  process  are h igh ly  po l i shed  and 
possess  t i p  diameters on t h e  o rde r  o f  1 t o  50 microns. 
cu rva tu re  of the t i p  depends on the  i n i t i a l  s i z e  of the  s i l i c o n  b a r ,  t he  
i n i t i a l  depth of  t he  ba r  beneath the  su r face  o f  t he  e t c h i n g  s o l u t i o n ,  t he  
The r a d i u s  of 
s o l u t i o n  sur face  descent  r a t e ,  t he  s o l u t i o n  concen t r a t ion  and mixture  r a t i o ,  
the  c u r r e n t  dens i ty  through the  system, the  i n t e n s i t y  of t h e  l i g h t  source,  
and the  temperature of t h e  s o l u t i o n .  
needle  compared t o  a s i l i c o n  bar .  
Figure 54 i s  a photomicrograph of a 
Figure 55 i s  a photograph of t h e  appara tus  
used t o  f a b r i c a t e  t h e  needles .  
F ig .  54. Photograph of  a S i l i c o n  Needle and a S i l i c o n  Bar (width 
of bar i s  20 m i l s ) .  
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Fig.  55. Photograph of  Apparatus used t o  Fabr i ca t e  S i l i c o n  Needles. 
Diodes have been f a b r i c a t e d  on t h e  apexes o f  need le s  made by t h e  
procedure desc r ibed  above us ing  both the  mesa and p l ana r  processes .  The 
fo l lowing  d i scuss ion  covers both  processes ,  t ak ing  the  mesa process  f i r s t .  
Following t h e  e t c h i n g  opera t ion ,  t h e  need le  was c leaned  and p laced  
i n  a n  o r d i n a r y  d i f f u s i o n  furnace where a p-type dopant w a s  d i f f u s e d  i n t o  
t h e  need le  s u r f a c e  t o  a d e s i r e d  depth thereby  forming a p-n j u n c t i o n  between 
t h e  d i f f u s e d  l a y e r  and t h e  bu lk  material. Following the  d i f f u s i o n  ope ra t ion  
t h e  needle  was p l a t e d  over  i t s  e n t i r e  s u r f a c e  area wi th  e l e c t r o l e s s  n i c k e l .  
I n  o r d e r  t o  reduce t h e  p-n j u n c t i o n  a r e a  and t o  g e t  e l e c t r i c a l  con- 
t a c t  t o  the  bu lk  material ,  t h e  d i f f u s e d  l a y e r  was e t ched  away everywhere 
e x c e p t  the apex of t h e  needle .  T h i s  was done by lowering t h e  need le  p o i n t  
i n t o  a molten wax so lu t ior ,  t o  the d e s i r e d  depth and was followed by  an e t c h  
t o  remove t h e  d i f f u s e d  l a y e r .  The e t c h  d i d  n o t  a t t a c k  the  wax. Af t e r  t h e  
d i f f u s e d  l a y e r  was removed the  wax w a s  removed l eav ing  the  f i n i s h e d  needle .  
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Figure 56 i s  a ske tch  of a needle  senso r  made by t h i s  process.  
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Fig.  56. p-n J u n c t i o n  Stress and S t r a i n  Sensor,  Mesa Type. 
Needle sensors  made by t h e  above p rocess  were found t o  be s e n s i t i v e  
t o  a p p l i e d  stress. However, they had two major disadvantages.  F i r s t ,  they 
were ve ry  s u s c e p t i b l e  t o  mechanical f a i l u r e  a t  t h e  j u n c t i o n  - bu lk  material 
i n t e r f a c e .  Second, t h i s  same i n t e r f a c e  was n o t  p r o t e c t e d ,  l eav ing  t h e  
j u n c t i o n  open t o  contamination from the  atmosphere. This  allowed the  
e l e c t r i c a l  c h a r a c t e r i s t i c s  t o  d r i f t  w i th  t i m e .  
The p l ana r  process  f o r  f a b r i c a t i n g  need le  s e n s o r s  was found t o  be 
a much more s u i t a b l e  process.  
furnace where an oxide was formed over the  e n t i r e  su r face .  
The need le  w a s  f i r s t  placed i n t o  a o x i d a t i o n  
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Th need1 
and allowed t o  dry. 
7as then coated wi th  a p h o t o s e n s i t i v e  a c i d  res i s t  (KTFR*j 
This  a c i d  r e s i s t  has  the  p rope r ty  of remaining i n t a c t  
a f te r  development wherever i t  has been exposed t o  l i g h t .  
Next, t he  apex of the needle was lowered i n t o  molten b l ack  wax t o  
a depth o f  a few m i l s  u s ing  a mechanical manipulator.  The p h o t o r e s i s t w a s  
then exposed us ing  an i n t e n s e  l i g h t  source.  It i s  d e s i r a b l e  t h a t  on ly  a 
small p o r t i o n  o f  t h e  t i p  be submerged i n t o  t h e  wax as t h i s  later determines 
the j u n c t i o n  area. The p h o t o r e s i s t  was then developed i n  TCE which removed 
the  wax and unexposed resist leaving a p r o t e c t i v e  coa t ing  over a l l  exceDt 
the ve ry  apex o f  t h e  needle .  
The need le  was then submerged i n t o  a d i l u t e  HF s o l u t i o n  which 
removed the  oxide from the  unprotected apex exposing t h e  bulk material. 
The nex t  s t e p  was t o  place the  need le  i n t o  an o r d i n a r y  gas d i f f u s i o n  
furnace where a p-type dopant was d i f f u s e d  i n t o  the unprotected apex. The 
oxide on the  remainder of t he  needle prevented it from being d i f fused .  An 
e f f o r t  was made t o  form a junct ion which was shallow i n  depth and high i n  
s u r f a c e  concen t r a t ion  as t h i s  combination was found t o  be more s e n s i t i v e  
t o  stress. 
A l a y e r  o f  aluminum was then evaporated over the e n t i r e  needle.  
Next, t he  apex o f  the needle  was coa ted  with wax f o r  p r o t e c t i o n ,  and the 
aluminum chemical ly  e t ched  away f r o m  a l l  except  t he  wax p r o t e c t e d  p o r t i o n  
o f  t he  needle .  This  process  l e f t  a metallic c o n t a c t  on t h e  d i f f u s e d  or  
p-region of t he  junc t ion .  
The apex of the need le  was once again p r o t e c t e d  by Max, making s u r e  
t h a t  t he  wax extended p a s t  t h e  aluminum con tac t .  
t h e  needle  was then  etched which removed t h e  oxide.  
The unprotected p a r t  of 
* KTFR is  a n  Eastman Kodak t r a d e  name. 
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The needle was then placed i n t o  a e l e c t r o l e s s  n i c k e l  s o l u t i o n  which 
depos i t ed  a metallic e l e c t r i c a l  c o n t a c t  on the bulk o r  n-region o f  t h e  
diode. With t h i s  s t e p ,  the needle  sensor  was completed. Figure 57 i s  a 
ske tch  of a needle senso r  made by the  p l ana r  process  and Figure 58 i s  a 
photomicrograph of a f i n i s h e d  needle.  
112" I N-Type S i  
N i  
Diffused 
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P - type S i  
Fig.  57. p-n J u n c t i o n  S t r e s s  and S t r a i n  Sensor,  P l ana r  Type. 
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Fig .  58. Photomicrograph of a Finished Needle Sensor ( t h e  1 r e p r e s e n t s  1 cm). 
Needle s e n s o r s  made by the p l a n a r  process  are more mechanical ly  
r i g i d  and e l e c t r i c a l l y  s t a b l e  than s e n s o r s  made by the  mesa process.  This 
i s  due t o  the  f a c t  t h a t  no notch i s  e t ched  i n t o  the  needle  a t  t h e  j u n c t i o n  
i n t e r f a c e  i n  t h e  p l a n a r  process  and t h e  j u n c t i o n  i s  i n h e r e n t l y  p a s s i v a t e d  
by t h e  oxide.  
The need le  senso r  descr ibed h e r e i n  e l i m i n a t e s  the  c r i t i c a l  alignment 
p r e v a l e n t  i n  the  inden to r  po in t  method of s t ress  a p p l i c a t i o n .  It i n h e r e n t l y  
a l lows  smaller a r e a s  t o  be s t r e s s e d  than does o t h e r  e x i s t i n g  methods and, 
t h e r e f o r e ,  can be made more s e n s i t i v e .  
The p rocesses  described above f o r  f a b r i c a t i n g  needle  senso r s  are 
given z s  typical processes  and are n o t  t he  on ly  processes .  
p rocesses  are s imilar  t o  processes used i n  t h e  semiconductor i n d u s t r y  t o  
f a b r i c a t e  mesa and p l ana r  devices. 
on the apex o f  t he  semiconductor need le  by any of  the techniques commonly 
used i n  i n d u s t r y .  
The above 
P-n j u n c t i o n  Or j u n c t i o n s  can b e  formed 
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A photograph of  t he  forward I - V  c h a r a c t e r i s t i c s  under stress of 
a s i l i c o n  needle sensor  made by the  p l ana r  process  i s  shown i n  Fig. 59. 
The curve t o  the f a r  r i g h t  r e p r e s e n t s  zero stress, wi th  stress i n c r e a s i n g  
f o r  each curve i n  t h e  d i r e c t i o n  o f  t he  o r i g i n .  The h o r i z o n t a l  scale i s  
0.2v/cm and the ver t ica l  s c a l e  i s  0.01 ma/cm. 
Fig.  59. Forward I - V  C h a r a c t e r i s t i c s  of a S i l i c o n  Needle Sensor Under S t r e s s .  
The forward QnI  vs. V c h a r a c t e r i s t i c s  o f  a s i l i c o n  need le  senso r  
1 
4 whose j u n c t i o n  depth w a s  -mic ron  and apex r a d i u s  o f  c u r v a t u r e  w a s  17 microns 
i s  shown i n  Fig. 60. The v a l u e s  of the fo rce  r e q u i r e d  t o  produce t h e  no ted  
changes are marked on t h e  r e s p e c t i v e  curves.  
Figure 61 shows the  e f f e c t  of stress on t h e  r e v e r s e  QnI-V c h a r a c t e r i s t i c s  
of t he  same needle sensor .  Again, t he  v a l u e s  of stress r e q u i r e d  t o  produce 
the p i ezo junc t ion  e f f e c t  are l i s t e d  on the r e s p e c t i v e  curves.  
A s  can be seen from the above stress d a t a ,  t he  s i l i c o n  n e e d l e  is 
s e n s i t i v e  t o  s t r e s s .  Based on t h e  r e s u l t s  o f  t h i s  work on s i l i c o n  need le s ,  
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Fig.  60. Forward I-V C h a r a c t e r i s t i c s  of a S i l i c o n  Needle Sensor Under Stress, 
P l a n a r  Type ( Junc t ion  Depth = 0.25 p, Diameter of Needle = 1711). 
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61. Reverse I-V Characteristics of a Silicon Needle Sensor Under 
Stress, Planar Type (Junction Depth = .25 v ,  Diameter of 
Needle = 17 p ) .  
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i t  should be p o s s i b l e  t o  u s e  t h i s  type of s t r u c t u r e  as a t r ansduce r  f o r  
measuring fo rce ,  displacement,  and a c c e l e r a t i o n .  
Although none have y e t  been s u c c e s s f u l l y  f a b r i c a t e d ,  a 4 - l a y e r  
diode i n  the form of a needle  looks v e r y  promising as a stress t ransducer .  
Such a device would possess  the  s i m p l i c i t y  and s e n s i t i v i t y  o f  a s i n g l e  
j u n c t i o n  sensor  and the fo rce  t o  frequency conversion c a p a b i l i t i e s  o f  a 
4- l a y e r  diode. 
I n i t i a l  a t t empt s  to  f a b r i c a t e  a fou r  l a y e r  diode i n  need le  form 
used t h e  mesa method as descr ibed earlier f o r  s i n g l e - j u n c t i o n  devices .  
However, t h e  s t a b i l i t y  problem encountered w i t h  t h e  s i n g l e - j u n c t i o n  senso r s  
made by t h i s  process  was found to be much more c r i t i c a l  i n  t he  case of t h e  
fou r  l a y e r  diode. Thus the mesa process  w a s  abandoned i n  f avor  o f  the 
p l a n a r  process.  
The development of a process f o r  f a b r i c a t i n g  the 4 - l aye r  needle  
sensor  has been i n h e r e n t l y  slow due t o  a n e c e s s i t y  t h a t  t he  f i r s t  o f  t he  
t h r e e  j u n c t i o n s  be extremely deep. This d i f f u s i o n  has been accomplished 
on need le s  us ing  t h e  two methods desc r ibed  i n  a previous s e c t i o n  (4.6) 
f o r  such dev ices  on wafer s u b s t r a t e s .  
A s  a l r e a d y  mentioned, the f a b r i c a t i o n  o f  4 - l aye r  diodes on wafer 
type s u b s t r a t e s  has been ve ry  successful .  There i s  no appa ren t  reason 
why t h i s  same o r  a similar process could n o t  be used t o  f a b r i c a t e  t h e  device 
i n  need le  form. Although i t  w i l l  r e q u i r e  extremely t ed ious  masking 
techniques,  t h e  development o f  a p rocess  f o r  making four  l a y e r  needle  senso r s  
i s  j u s t  a matter o f  t i m e .  
Chapter V I  
ACCELEROMETER DEVELOPMENT 
6.1 In t roduc t ion  
The s i l i c o n  needle  stress and s t r a i n  sensor  desc r ibed  i n  t h e  previous 
s e c t i o n  of t h i s  r e p o r t  was inco rpora t ed  i n t o  a working l a b o r a t o r y  acce le ro -  
meter. This accelerometer was developed f o r  t h e  purpose o f  demonstrat ing 
t h e  a p p l i c a b i l i t y  o f  t he  p i ezo junc t ion  phenomenon t o  a p r a c t i c a l  t r ansduce r  
f o r  measuring acce le ra t ion .  
It might be pointed o u t  t h a t  t he  manufacturing a s p e c t s  o f  such 
accelerometers  has been kep t  i n  mind throughout t h i s  work. Included i s  a 
comparison of t h i s  accelerometer  w i th  e x i s t i n g  accelerometers .  
6.2 Accelerometer Design 
An accelerometer i s  an instrument  capable  o f  measuring a c c e l e r a t i o n  
o r  d e t e c t i n g  and measuring v i b r a t i o n s .  Accelerometers used i n  space v e h i c l e  
i n s t rumen ta t ion  sys t ems  must be capable  o f  t ransforming t h e s e  mechanical 
i n p u t s  i n t o  e l e c t r i c a l  s i g n a l s .  An accelerometer  u s u a l l y  c o n s i s t s  o f  a 
seismic mass on which a c c e l e r a t i o n  can act ,  a s p r i n g  t o  r e t u r n  t h e  mass t o  
i t s  o r i g i n a l  p o s i t i o n  once t h e  a c c e l e r a t i o n  has subsided,  and a t r ansduce r  
element t o  d e t e c t  t h i s  f o r c e  of a c c e l e r a t i o n  and conve r t  i t  t o  a usab le  
electrical s i g n a l .  
(110) 
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The most c r i t i c a l  component o f  an acce le romete r  i s  the sens ing  
element. One of t he  most d i f f i c u l t  problems conf ron t ing  t h e  design of an 
accelerometer  based on the piezojunct ion e f f e c t  i s  t h a t  of applying stress 
t o  the j u n c t i o n  device.  This  problem has been so lved  by use of  the s e m i -  
conductor need le  sensor  (see Chapter V). Therefore ,  a l l  accelerometer  
design e f f o r t s  d i scussed  h e r e i n  have inco rpora t ed  the  s i l i c o n  needle  senso r  
as t h e  t ransducer  element. 
The range o f  o p e r a t i o n  of an accelerometer  based on t h e  piezo- 
j u n c t i o n  e f f e c t  i s  c o n t r o l l e d  by many f a c t o r s .  F i r s t ,  the  c h a r a c t e r i s t i c s  
of the sensor  t o  be used must be known and t h e  range of s t r e s s e s  t o  which 
i t  i s  s e n s i t i v e ,  Then, a seismic mass m u s t  be chosen t h a t  w i l l  apply t h i s  
range o f  s t r e s s e s  when sub jec t ed  t o  a c c e l e r a t i o n s  over  t he  range o f  i n t e r e s t .  
Table I11 was t a b u l a t e d  as  an a i d  t o  determining t h e  range o f  ope ra t ion .  
Table I11 was computed using a se i smic  m a s s  o f  1 gram. It can be 
used f o r  o t h e r  seismic masses by m u l t i p l y i n g  a l l  of the v a l u e s  of stress by 
- M i s  t h e  new se i smic  mass. For example, i f  the u s e  of a 10 gram 1 gram n 
seismic m a s s  i s  necessa ry ,  a l l  values  i n  each column under IS would be 
m u l t i p l i e d  by 10. 
column equa l  t o  t h e  
M n 
This  manipulation w i l l  make t h e  v a l u e s  o f  the ol(lg) 
ap(lOg) column. 
Example: It i s  des i r ed  t h a t  a j u n c t i o n  device be chosen f o r  an 
accelerometer  t o  measure the range of 10 t o  100 g ' s .  S i l i c o n  
need le s ,  such as the u n i t s  desc r ibed  i n  Chapter V, are a v a i l a b l e  
i n  diameters  of 1 through 10 m i l s  (much smaller diameters are 
a c t u a l l y  a v a i l a b l e ) .  Tests have shown these  type sensors  t o  be 
s e n s i t i v e  t o  stress l eve l s  i n  the 10' - 10'" dynes/cm' region.  
.P. 
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u (dynes/cm 2 ) 2 
Table I11 
u3(dynes/cm 2 1 u4(dynes/cm 2 ) 
Sensor - Seismic Mass Selector Chart 
(Based on M = 1 gram). 
9 5.1 x 10 
2.27 x 10 
8 5.1 x 10 
~ 2.27 x 10 8 
) iame t er 
u, (dynes/cm 
10 5.1 x 10 
2.27 x 10 10 
1 2.04 x lo8 
7 2 5.1 x 10 
4.16 x 10 
8 3.2 x 10 
7 4.16 x 10 
7 13.2 x 10 
+t=+ 1.27 x 10 
9 4.16 x 10 
9 3.2 x 10 
6 5 18.18 x 10 
2.52 x 10 7 2.52 x 10 
6 6 15.76 x 10 
9 
2.52 x 10 
6 7 14.16 x 10 
I 
6 8 3.2 x 10 
2.52 x 10 
10 2.04 x 10 
10G 1OOG l O O O G  I 
11 2.04 x 10 lo I 2.04 x 10 9 2.04 x 10 
10 1.27 x 10 I 1.27 x lo9 I 1.27 x 10 
9 
~ 8.18 x 10 1 8.18 x 10 1 8.18 x 10 
9 I 5.76 x lo7 I 5.76 x lo8 I 5.76 x 10 
9 I 2.04 x lo8 I 2.04 x 10 7 2.04 x 10 
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It is  necessary t h a t  t h e  proper seismic mass and senso r  diameter 
combination be chosen to  apply s t r e s s  w i t h i n  t h e  s e n s i t i v i t y  range 
of t h e  dev ice  over t he  a c c e l e r a t i o n  range of 10 t o  100 g ' s .  Re fe r r ing  
t o  Table A ,  a 1 m i l  diameter s enso r  and a 1 gram se i smic  mass w i l l  
al low 2.04 x 10 9 dynes/cm 2 t o  be a p p l i e d  a t  10 g ' s  and 2.04 x 10" dynes/cm 2 
a t  100 g ' s .  A t e n  gram weight and t h e  same 1 m i l  sensor  w i l l  
provide t h e  same range of s e n s i t i v i t y  for an a c c e l e r a t i o n  range of 
1 t o  10 g ' s .  A 100 t o  1000 g dev ice  could b e  t h e o r e t i c a l l y  ob ta ined  
by choosing a 4 m i l  sensor and a 1 gram se i smic  mass. 
From t h e  example shown above it can be seen t h a t  almost any reasonable  
range can be a t t a i n e d  by p rope r ly  s e l e c t i n g  t h e  senso r  diameter seismic 
mass combination. Care must be taken, however, no t  t o  a l low excess ive  stress 
t o  be a p p l i e d  t o  t h e  senso r  as i t  w i l l  de s t roy  t h e  device.  Unfortunately,  
i t  i s  very d i f f i c u l t  t o  p r e d i c t  the s e n s i t i v i t y  of a sensing device be fo re  
i t s  f a b r i c a t i o n  because of t h e  d i f f i c u l t y  i n  c o n t r o l l i n g  t h e  a r e a  of t h e  
j u n c t i o n  t o  be s t r e s s e d  and t h e  diode p r o p e r t i e s .  The p r e s e n t  s t a t e - o f -  
t h e - a r t  l i m i t s  s e l e c t i o n  of t h e  sensor f o r  such a p p l i c a t i o n s  t o  e m p i r i c a l  
methods. 
The major parameter t o  be considered when s e l e c t i n g  t h e  sp r ing  
component i s  mechanical resonance frequency. It is  t h i s  frequency (or 
f r equenc ie s )  t h a t  l i m i t s  t h e  frequency range of  t h e  accelerometer .  
I n  g e n e r a l ,  a l l  accelerometers o f  t h e  type  discussed h e r e i n  
conform t o  t h e  mechanical schematic diagram of Fig.  6 2 .  
k 
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= Spring c o n s t a n t  of  s p r i n g  a K1 s K, = Spring cons t an t  of  s i l i c o n  
L 
M~ = Mass of s p r i n g  
X1 M~ = Seismic mass 
I 
Fig. 62. Mechanical Equivalent  of an  Accelerometer. 
The system shown i n  F i g .  62 has  two degrees o f  freedom and, t hus ,  
r e q u i r e s  two equations t o  d e s c r i b e  i t s  behavior [ 4 4 ] .  Assuming t h a t  f r i c t i o n  
i s  n e g l i g i b l e ,  t h e  system i s  de f ined  by t h e  equa t ions ,  
d2X1 K1 2(X1 K1 - x2) = 0 
M1 2 + 2"1 + 
L I 
M2 + K2 X2 - 2 ( X 1  - X2) = 0 
Assuming s o l u t i o n s  o f  t h e  form 
X1 = C1 Sin(wt - a> and 
x2 = c2 Sin(wt - a> , 
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substituting into equation (6.1) and (6.2) gives the following solution for 
the resonant frequencies of the system: 
2 2 2 2112 112 
1 1  K2 K1 + - ) -  K1 + (2+--- K2 K1K2 2K1K2 K1 K1 K1 + - 2 + 2) 1'1 f = -  I ?  [ (-+- 
M1M2 4M2 M1 277- M2 m2 M1 M2 M22 M1M2 
It can be seen from Eq. (6.5) that a spring should be chosen which 
has a small mass as compared to the seismic mass. Thus, if M1 <<M and K < K 
2 1 -  2 
Eq. (6.5) becomes; 
This indicates that, if the mass of the spring is negligible relative to the 
seismic mass, the natural resonance frequency of the system depends only on 
the silicon spring constant - seismic mass ratio which is high. Using a 
12 2 dynes/cm Young's Modulus of 1.7 x 10 for silicon and assuming that the 
applied stress is attenuated in 5 microns [45], the spring constant for 
silicon (K ) is found to be 1.8 x 10 dynes/cm while the deformation is 
approximately .03 microns for stress levels on the order of 16 
Assuming a 1 gram seismic mass and the above value of K the resonance 
frequency as defined by equation (6.6) is approximately 20 kc. 
10 
2 
10 2 
byiies/cm . 
2'  
The spring constant of the spring component is not critical as 
long as the spring mass remains much smaller than the seismic mass. However, 
in high g accelerometer applications when it is necessary to reduce the 
seismic mass, the spring constant of this component could become important. 
In this case the device has two resonant frequencies as defined by Eq. (6.5). 
The  lower f requexy ( m i m s  s i g n  of Ea_. 6.5) is the frequency of interest. 
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Th i s  frequency is  lowered i f  t h e  two masses and s p r i n g  c o n s t a n t s  are on t h e  
same o r d e r  of magnitude. 
. 
6.3 F a b r i c a t i o n  
One o f  t h e  major problems of f a b r i c a t i n g  an accelerometer  u s ing  t h e  
needle  type  stress senso r  has  been t h e  mounting of t h e  senso r .  It was 
necessary t o  develop a mounting technique which would provide both mechanical 
support  f o r  and e l e c t r i c a l  c o n t a c t  w i th  t h e  senso r .  
An e a r l y  a t tempt  t o  provide t h i s  mechanical support  and e lectr ical  
con tac t  made u s e  of t h e  e u t e c t i c  c h a r a c t e r i s t i c s  of s i l i c o n  and gold.  
Tantalum and molybdenum s t r i p s  were go ld  e l e c t r o p l a t e d  and hea ted  i n  an  
i n e r t  atmosphere above t h e  s i l i c o n - g o l d  e u t e c t i c  temperature  (377°C). The 
senso r ,  h e l d  i n  a f i x t u r e  made for t h i s  purpose, was brought i n t o  c o n t a c t  
w i th  t h e  go ld  p l a t e d  s t r i p s ,  c r e a t i n g  a e u t e c t i c  bond a t  t h e  g o l d - s i l i c o n  
i n t e r f a c e .  Unfortunately,  t h e  c r o s s  s e c t i o n a l  area o f  t h e  senso r  (20x20 m i l s )  
was i n s u f f i c i e n t  to provide good mechanical support  f o r  t h e  need le  senso r .  
The needles were s u c c e s s f u l l y  mounted by u t i l i z i n g  a metal b racke t  
f o r  mechanical support  and conductive. epoxy f o r  e lec t r ica l  c o n t a c t .  The 
metal b racke t  was made from tantalum and a h o l e  w a s  punched i n  i t  which 
f i rmly  he ld  t h e  needle s e n s o r  when wedged i n t o  t h e h o l e .  
bracket  w a s  s p o t  welded onto t h e  d e s i r e d  base l eav ing  t h e  need le  p o i n t i n g  
pe rpend icu la r ly  away from t h e  base.  
w a s  placed between t h e  base of t h e  senso r  and t h e  b a s e  onto which it was 
mounted t o  provide e l e c t r i c a l  c o n t a c t .  
mounted by t h i s  process,  i t  w a s  a d i f f i c u l t  t a s k  t o  perform wi thou t  
f r a c t u r i n g  t h e  sensor .  
The tantalum 
A small amount o f  conduct ive epoxy 
Although s e n s o r s  were s u c c e s s f u l l y  
' *  
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The most s u c c e s s f u l  mounting technique w a s  s imilar  t o  t h e  technique 
used t o  mount t h e  s i l i c o n  b a r s  f o r  t h e  e l e c t r o e t c h i n g  p rocess  (see Sec t ion  V). 
A h o l e  was d r i l l e d  i n t o  a b r a s s  base t o  accommodate t h e  senso r .  A small 
ch ip  of s o l d e r  was dropped i n t o  the h o l e  and t h e  b r a s s  was hea ted  t o  t h e  
me l t ing  temperature of s o l d e r .  The sensor  base w a s  fo rced  i n t o  t h e  h o l e  
and t h e  assembly allowed t o  cool .  
and provided e lec t r ica l  con tac t  with t h e  n i c k e l  on t h e  base of t h e  senso r .  
The t i p  o f  t h e  senso r  was l e f t  protruding s l i g h t l y  above t h e  s u r f a c e  of 
t h e  b r a s s  base.  
The s o l d e r  h e l d  t h e  senso r  i n  p l a c e  
Once t h e  need le  stress sensor was s u c c e s s f u l l y  mounted, t h e  nex t  
problem was t o  i n c o r p o r a t e  t h e  assembly i n t o  a l a b o r a t o r y  accelerometer .  
One of t h e  f i r s t  a t t empt s  t o  accomplish t h i s  used a convent ional  TO-5 
t r a n s i s t o r  header  as t h e  base.  A needle  stress senso r  w a s  mounted on t h e  
header  us ing  t h e  metal bracket-conductive epoxy method descr ibed above. 
A copper s t r i p  w a s  made i n t o  a n  L-shaped t a b  and p l aced  i n  con tac t  w i t h  t h e  
apex of t h e  senso r .  The copper tab w a s  so lde red  t o  t h e  conductive f eed  
thm-agh l eads  provided on the  header. 
1.5 grams was placed on t h e  t a b  d i r e c t l y  o p p o s i t e  t h e  p o i n t  where t h e  
senso r  came i n  c o n t a c t  w i t h  t h e  tab .  
f a b r i c a t e d  by t h i s  method i s  shown i n  F i g .  6 3 .  
A l e a d  seismic mass of approximately 
A photograph of an accelerometer  
The accelerometer  f ab r i ca t ed  by t h i s  p rocess  exh ib i t ed  excess ive  
c o n t a c t  r e s i s t a n c e  between t h e  sensor and t h e  copper t a b .  This c o n t a c t  
w a s  e r ra t ic  and could no t  be properly a d j u s t e d .  Also, it was very d i f f i c u l t  
t o  p l a c e  t h e  i n i t i a l  stress b i a s  onto t h e  senso r  wi thou t  f r a c t u r i n g  and 
des t roy ing  t h e  device.  
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Fig.  6 3 .  Photograph of a Laboratory Accelerometer,  R T I  No. 1. 
From experience wi th  t h i s  f i r s t  acce le rometer ,  i t  w a s  found t h a t  
some mechanical means must be used t o  app ly  and a d j u s t  t h e  i n i t i a l  stress 
b i a s .  
need le  senso r s  without  f r a c t u r i n g  them. 
One simply could  n o t  assemble a device  by t h i s  method us ing  t h e  d e l i c a t e  
A needle  sensor  was then  mounted i n t o  t h e  end of a sharpened 
b r a s s  screw by the  so lde r ing  technique  desc r ibed  h e r e i n .  Th i s  screw w a s  
p l aced  i n t o  a threaded h o l e  i n  a n  aluminum base  f a b r i c a t e d  f o r  t h i s  purpose.  
A m e t a l  t a b  w a s  i n s u l a t e d  on t h e  base  so as t o  remain j u s t  over  t h e  t i p  
of  t h e  need le  sensor .  A seismic mass w a s  p l aced  on t h e  t a b  i n  t h e  same 
manner as for t h e  acce lerometer  i n  F i g .  63.  The i n i t i a l  stress b i a s  was 
a d j u s t e d  by holding up on t h e  t a b  and tu rn ing  i n  t h e  screw mounted senso r  
SO t h a t  c o n t a c t  would be made when t h e  t a b  was r e l e a s e d .  
I 
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Although t h e  p r i n c i p l e  of  stress b i a s i n g  w a s  sound, t h i s  dev ice  
had t h e  same h igh  c o n t a c t  r e s i s t a n c e  c h a r a c t e r i s t i c s  as experienced i n  t h e  
previous device.  The t a b  w a s  go ld  e l e c t r o p l a t e d  i n  an  e f f o r t  t o  a l lev ia te  
t h i s  problem. However, t h e  con tac t  r e s i s t a n c e  w a s  not s i g n i f i c a n t l y  reduced. 
This  reduced t h e  c o n t a c t  problem t o  t h e  s e n s o r  and i t  w a s  a t  t h i s  t i m e  t h a t  
aluminum rep laced  t h e  n i c k e l  as the  apex c o n t a c t  material on t h e  s e n s o r s .  
A photograph o f  t h i s  accelerometer  i s  shown i n  F i g .  6 4 .  
Fig. 64.  Photograph of  a Laboratory Accelerometer,  RTI  No. 2 .  
Another method of  applying t h e  i n i t i a l  stress b i a s  used a b r a s s  
header  machined f o r  t h i s  purpose. This  header  was ve ry  similar t o  a 
convent ional  t r a n s i s t o r  header and had a h o l e  d r i l l e d  i n t o  t h e  c e n t e r  t o  
accommodate t h e  need le  s e n s o r .  The senso r  was mounted by the  s o l d e r i n g  
technique.  A g l a s s  tube  which fit zxactly over  t h e  header  w a s  c u t  so 
t h a t ,  when t h e  tube was a l l  t h e  way down on t h e  header ,  t h e  top r i m  o f  t h e  
g l a s s  was even wi th  t h e  apex o f  t h e  s e n s o r .  Glass was used because i t  i s  
a good i n s u l a t o r .  A gold e l e c t r o p l a t e d  metall ic diaphram w a s  c u t  so as t o  
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j u s t  cover t h e  t o p  of t h e  p re -cu t  g l a s s  tube.  
t o  t h e  g l a s s  cy l inde r .  
This  diaphram was epoxied 
The assembly w a s  g r a d u a l l y  lowered down ove r  t h e  
header  on which t h e  senso r  had been mounted u n t i l  t h e  diaphram came i n  
c o n t a c t  w i t h  the senso r  and t h e  d e s i r e d  i n i t i a l  stress b i a s  w a s  a p p l i e d .  
Epoxy was placed on t h e  header  and allowed t o  dry wi th  t h e  diaphram i n  
c o n t a c t  w i th  the  senso r  under t h e  d e s i r e d  i n i t i a l  stress b i a s .  A f t e r  t h e  
epoxy was cured, a se i smic  mass w a s  placed on t h e  diaphram d i r e c t l y  o p p o s i t e  
t h e  p o i n t  where t h e  s e n s o r  made c o n t a c t  w i th  t h e  diaphram, An accelerometer  
(less se i smic  mass) made by t h i s  process  i s  shown i n  t h e  photograph of 
F i g .  65. 
%ab 
Fig.  65. Photograph of a Laboratory Accelerometer (Less Seismic Mass), 
RTI  No. 3 .  
This  device,  a l though f a i r l y  d i f f i c u l t  t o  f a b r i c a t e ,  e x h i b i t e d  good 
e l e c t r i c a l  con tac t  and could be used as an  acce le romete r .  This  w a s  one o f  
t h e  f i r s t  success fu l  a t t empt s  t o  i n c o r p o r a t e  t h e  n e e d l e  s t r e s s  s e n s o r  i n t o  
a working l abora to ry  acce le romete r .  
, 
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Another method which proved s u c c e s s f u l  used a g l a s s  tube c y l i n d e r  
hea ted  and c losed  on one end leaving on ly  a small h o l e  t o  accommodate a 
l e a d  w i r e .  A s m a l l  s teel  s p r i n g  was connected t o  t h e  end o f  a b r a s s  
p i s t o n  which w a s  machined t o  f i t  c l o s e l y  i n t o  t h e  g l a s s  c y l i n d e r .  The 
s p r i n g  and p i s t o n  assembly w a s  gold e l e c t r o p l a t e d  and p l aced  i n t o  t h e  
c y l i n d e r .  One end of t h e  s p r i n g  protruded through t h e  small h o l e  i n  t h e  
g l a s s  t u b e  and served as a l e a d .  A senso r  was mounted i n t o  a b r a s s  plunger 
also machined t o  f i t  i n t o  t h e  g l a s s  c y l i n d e r .  A l e a d  was connected t o  t h e  
plunger  on t h e  end o p p o s i t e  t h e  needle  senso r .  
lowered i n t o  t h e  open end o f  t h e  tube u n t i l  e lec t r ica l  c o n t a c t  was made 
w i t h  t h e  p i s t o n  and t h e  proper  i n i t i a l  b i a s  w a s  ob ta ined .  
around t h e  plunger t o  h o l d  i t  f i rmly i n  p l a c e .  
acce le romete r  made by t h i s  process is  shown i n  F i g .  66. 
The plunger  assembly w a s  
Epoxy w a s  p l aced  
A photograph of an  
'I. 0 
1" 
k 
/ 
F i g .  66. Photograph of a Laboratory Accelerometer,  R T I  No. 4 .  
This  process  w a s  r e f ined  by e l i m i n a t i n g  t h e  rounded end of  t h e  g l a s s  
t u b e  and by in t roduc ing  a more f l e x i b l e  i n i t i a l  b i a s i n g  adjustment .  
inall
* 
i 
.  .    ,   . .  
1 2 2  
This  f i n a l  ve r s ion  cons i s t ed  o f  a g l a s s  tube  c y l i n d e r  w i th  a b r a s s  cap 
machined t o  f i t  i n t o  each end o f  t h e  tube .  A s p r i n g  and plunger  assembly 
s imilar  t o  the  one descr ibed  above was connected t o  one o f  t h e  end caps .  
The o t h e r  cap was d r i l l e d  and tapped t o  accommodate a b r a s s  screw. Another 
smaller h o l e  was d r i l l e d  bes ide  t h e  threaded  h o l e  f o r  c a l i b r a t i o n  purposes .  
A needle  sensor  w a s  mounted i n t o  t h e  end o f  a b r a s s  screw and p l aced  i n t o  
t h e  threaded  h o l e .  I n i t i a l  stress b i a s  was a d j u s t e d  by f i r s t  i n s e r t i n g  a 
s t i f f  wire i n t o  t h e  c a l i b r a t i o n  h o l e  fo rc ing  back t h e  p i s t o n ,  and then  
tu rn ing  i n  t h e  screw mounted s e n s o r .  Once t h e  senso r  w a s  i n  t h e  d e s i r e d  
p o s i t i o n ,  t h e  p i s t o n  was lowered onto  t h e  sensor  and t h e  wi re  removed. 
F igu re  67 i s  a photograph o f  an  acce lerometer  made by t h i s  procedure w h i l e  
F i g .  68 is  an  i d e n t i c a l  acce le rometer  except  f o r  s i z e .  Typica l  dimensions 
o f  t h e  smaller acce lerometer  is 1 / 2  inch i n  l eng th  and 1 /4  inch  d i a m e t e r .  
F ig .  67 .  Photograph o f  a Laboratory Accelerometer ,  RTI. No. 5 .  
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Fig .  68. Photograph of a Laboratory Accelerometer, R T I  No. 6. 
The accelerometers shown in Figs. 67 and 68 possess the best 
features of all the previous developments. The contact problem is solved 
by  the gold plated piston and the aluminum coated planar sensor, and stress 
biasing is accomplished through use o f  the scrot..' miinting technique. 
entire package is neat in appearance, small in size, and rugged in con- 
struction relative to the other devices described. The limiting factor on 
the size of the device presently is the seismic mass. 
accelerometers, it is conceivable that the mass of the sensor could serve 
as the seismic mass, greatly reducing the overall size of the device. 
The most sensitive of these accelerometers were calibrated by 
The 
For very high g 
monitoring their electrical characteristics while rotating them in the 
vertical plane through a full 3 6 0 " .  
acceleration ranging from a minimum oLr -1g tz a maximum of +lg. 
from the device was nearly sinusoidal as can be seen in Fig, 69. 
This provided a sinusoidal input of 
The o u t p u t  
Other less sensitive accelerometers have been tested on an 
improvised centrifuge which allows the electrical characteristics of the 
1 2 4  
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devices to be monitored while subjected to centrifugal force-induced 
accelerations up to 100 g's. 
Figure 70 is a calibration curve of a 100 g laboratory accelerometer 
biased in the forward direction at various voltages. 
a typical operating voltage, is a straight line. 
The 0.5 volt curve, 
This indicates that the 
forward current varies exponentially with acceleration as was expected. 
The change in forward current over the range of acceleration was not as 
large as desired. This is due, in part, to a small seismic mass (= 0.3 gm) 
and a relatively insensitive needle. 
higher g levels because of the small seismic mass. 
This device could safely be used at 
Figure 71 is a calibration curve of the same accelerometer biased 
in the reverse direction at various voltages. 
is very similar to that given above for the forward direction. 
The analysis for these curves 
6 . 4  Comparison with Existing Types of Accelerometers 
Three of the most important characteristics of an accelerometer 
based on the piezojunction phenomenon are; (1) its adaptability to measuring 
any reasonable range of acceleration, (2) its very high frequency response 
due to the very small displacement needed to produce the effect, and (3)  its 
ability to measure ac and dc accelerations. 
characteristic is that, in multijunction form, it can produce a frequency 
modulated output proportional to acceleration. 
particularly desirable in space vehicle applications. 
of such a device are smallness in size and low power consumption. The only 
major disadvantage is that such devices are sensitive to temperature. 
this disadvantage can be greatly reduced by the proper design of associated 
circuitry. 
Another major advantageous 
This characteristic is 
Other characteristics 
However, 
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Fig. 70. Calibration Curve of a Laboratory Accelerometer, Forward Biased, 
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Table IV is a chart containing most of the desirable and undesirable 
characteristics of several existing types of accelerometers [ 4 6 ] .  
teristics of an accelerometer based on the piezojunction effect are also 
included in the chart. It can be seen from this chart that the overall 
characteristics of the piezojunction acceieroiiieter aurpassec ~ n s t  nther types 
of accelerometers, especially in the area of frequency response. 
Charac- 
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Table IV 
Accelerometer Characteristics Comparison Chart 
Capacitance 
Differential 
Trans former 
Inductive 
Photoelectric 
Piezoelectric 
Potentiometric 
Strain Gage 
Vibration 
Velocity 
Piezo junction 
output 
Low 
(ac - AM) 
High 
(ac - AM) 
High 
(ac - AM) 
High 
(dc or ac AM) 
High 
(ac - AM) 
High 
(dc or ac - AM) 
Med 
(dc or ac - AM) 
Med 
(ac - AM) 
High 
(ac - FM) 
High 
(dc or ac - FM) 
Static 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 
No 
Yes 
Dynamic 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Excitation 
ac, HF 
ac 
ac 
dc and 
Light 
Source 
None 
dc or 
ac 
dc or 
ac 
dC 
None 
dc 
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Table I V  
Accelerometer C h a r a c t e r i s t i c s  Comparison Chart  
Frequency 
Response 
Med 
Low 
Low 
Low 
High 
Low 
High 
Med 
Med 
Very 
High 
;ens i t i v i  t y  
Low 
Low 
Low 
High 
Low 
High 
Low 
Low 
High 
High 
Range 
Wide 
Limited 
High 
Low 
Wide 
Wide 
Low 
High 
Limited 
Wide 
~ 
)is p lac ement 
Sma 11 
Large 
Large 
Large 
Very 
Small 
Large 
Small 
Large 
Large 
Very 
Small 
'emp e r a t u r e  
i ens i  t i v i  t y  
Low 
Low 
Low 
High 
High 
Low 
Med 
Med 
High 
High 
Construct ion 
C h a r a c t e r i s t i c s  
Large, rugged 
Large, rugged 
Large, rugged 
Large,  f r a g i l e ,  
Ins t a b l e  
Small, rugged 
R e l a t i v e l y  small, 
no t  rugged, no i sy .  
Small, rugged 
Small, rugged 
Rugged 
Small 
Chapter VI1 
CO NCLUS IONS 
A theo ry  of t h e  e f f e c t  of a g e n e r a l  s t r a i n  on t h e  e l e c t r i c a l  
I 
c h a r a c t e r i s t i c s  of p-n j u n c t i o n s  was developed. The model i s  based on t h e  
deformation p o t e n t i a l  t heo ry  of semiconductors, i . e . ,  t h e  change i n  t h e  
energy band s t r u c t u r e  wi th  s t ra in .  
and s i l i c o n  was reviewed and t h e  necessa ry  deformation p o t e n t i a l  theory 
developed. Energy band changes wi th  s t r a i n  were inco rpora t ed  i n t o  t h e  
c u r r e n t - v o l t a g e  p-n j u n c t i o n  equat ions.  Equations were developed which 
d e s c r i b e  t h e  cu r ren t -vo l t age  c h a r a c t e r i s t i c s  of diodes and t r a n s i s t o r s  
under s t r a i n .  The diode and t r a n s i s t o r  model as developed neg lec t ed  t h e  
e f f e c t s  of s t r a i n  on such j u n c t i o n  parameters as e f f e c t i v e  mass, m o b i l i t y  
and carr ier  l i f e t i m e .  
The energy band s t r u c t u r e  o f  germanium 
, Comparing t h e  t h e o r e t i c a l  model w i th  experimental  d a t a  shows t h a t  
t h e r e  is good agreement. 
cases where t h e  s t r e s s  was a p p l i e d  by a n  inden to r  p o i n t .  
w a s  introduced i n  t h e  j u n c t i o n  by a s p h e r i c a l  need le ,  t h e  c a l c u l a t i o n s  f o r  . 
t h e  s t r a i n  t e n s o r ,  i n  which accuracy is  needed, was d i f f i c u l t  i f  n o t  
impossible .  This  d i s t r i b u t e d  s t r a i n  problem was n o t  considered h e r e .  AS 
demonstrated by the experimental  d a t a ,  t h e  theo ry  can be used t o  p r e d i c t  
t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  diodes and t r a n s i s t o r s  under s t r a i n .  AS 
an  example, theory p red ic t ed  t h a t  a [ loo ]  o r i e n t e d  j u n c t i o n  i n  s i l i c o n  would 
Q u a n t i t a t i v e  comparisons have n o t  been made i n  
When stress 
(130) 
1 -  
be mor 
I -  
I -  
I -  
sensitive to train than a [110] or [ill] o i enta t io 
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and a [110] 
orientation would be more sensitive than a [111] orientation. This was 
found to be correct experimentally. Theory also predicted that a [ill] 
orientation would be more sensitive in germanium than a [110] or [ loo]  
orientation and a [ l l O ]  more sensitive than a [ loo]  orientation. 
The present theory explains many of the facets of the piezojunction 
This phenomenon as observed in silicon and germanium p-n junction devices. 
theory and experimental data was used to develop a working laboratory 
accelerometer. The major problem encountered in this development work 
was the actual application of stress to the junction device. The intro- 
duction and development of a silicon needle stress and strain sensor 
alleviated this problem. 
were shown to possess several advantages over existing acceleration 
measuring techniques especially in the area of high frequency iesponse. 
Accelerometers based on the piezojunction effect 
When observed in multijunction devices su: h as four-layer diodes, 
the piezojunction effect was found to have the potential of directly con- 
verting mechanical stress into a frequency modulated electrical signal. 
This feature makes the phenomenon especially applicable to space vehicle 
instrumentation systems which use pulse code modulated digital data 
acquisition techniques. 
The piezojunction phenomenon is not only applicable to the measure- 
ment of acceleration, but to a host of measurements associated with stress, 
strain, force, pressure, and small displacements. Thus, it is concluded 
that the piezojunction effect is feasible as a means of measuring acceleration 
and is a definite state-of-the-art advancement in the field of stress 
transduction. 
Appendix A 
NOTATION USED TO mPRESENT STRESS AND STRAIN AND 
CALCULATIONS FOR SEVERAL CRYSTAL ORIENTATIONS 
I n  a l l  cases  t h e  s t r e s s  and s t r a i n  are r e f e r r e d  t o  the  c r y s t a l  axes; 
x = 1 , 2 , 3  r e f e r  t o  the  [ loo] ,  [ O l O ]  and [OOl] d i r e c t i o n s  r e s p e c t i v e l y .  Ten- 
s i o n a l  stresses and s t r a i n s  a r e  p o s i t i v e  and compressional are negat ive .  
The mechanical stress, 0 ,  i s  represented  as fo l lows:  
o = convent ional  stress ; a,@ = x , y , z  
aB 
= t enso r  s t r e s s  ; i , j  = 1 , 2 , 3  ‘i j 
‘r = engineer ing  stress ; r = 1 , 2 , 3 , 4 , 5 , 6  
where (J - and 0 (J... The convent ional ,  t enso r  and engineer ing  
s t r e s s e s  are r e l a t e d  as fol lows:  
a@ - ‘ga i j  J 1  
P r i n c i p a l  Shear 
- 
‘xy = ‘12 - ‘6 
xz - ‘13 = ‘5 
uxx = all = a1 
YY 22 2 
(Jzz = a33 = a3 
( 5 -  0 = ‘  = ( J  
‘YZ = ‘23 = ‘4 
The h y d r o s t a t i c  stress, P, i s  defined i n  terms of the  p r i n c i p a l  stresses as 
P = (a1 + o2 + u3)/3 
The mechanical s t r a i n  is r ep resen ted  as 
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e = convent ional  s t r a i n  ; a,f3 5 z , y , z  
af3 
E = t enso r  s t r a i n  ; i , j  = 1 , 2 , 3  
i j  
e - engineer ing s t r a i n  ; r = 1 , 2 , 3 , 4 , 5 , 6  
r 
where e = e and E = E The convent ional ,  t enso r  anc, engineer  
s t r a i n s  are r e l a t e d  t o  each o t h e r  i n  t h e  fol lowing manner: 
Shear P r i n c i p a l  -
e XY = 2c12 = e6 
e XZ = 2c13 = e5 
e = 2cZ3 = e4 
af3 Ba i j  j i '  
= '11 - el 
eyy = €22 = e2 
eZz = €33 = e3 YZ 
.n g 
For the case of cubic  symmetry, t he  eng inee r ing  stress i s  r e l a t e d  
The h y d r o s t a t i c  s t r a i n ,  e,  i s  de f ined  as 
3 e = el + e2 + e  
t o  s t r a i n  by Hook's gene ra l i zed  l a w  
u2 
u3 
u4 
5 
'6 
U 
a 
0 0 0 
0 0 0 
0 0 0 
1 2  
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
12  c12 C 11 C 
12 
11 
C 11 
12  
C =12 
C C C 
c44 
c44 
c44 
X 
1 
2 
3 
e 
e 
e 
e4 
5 
6 
e 
e 
and 
, 
- 
el 
e2 
e3  
e4 
5 e 
e6 
- 
0 0 0 11 
0 0 0 12 
0 0 0 12 
0 0 0 0 0 
0 0 0 0 
0 0 0 0 0 S 
12 s12 
S S 
12 
11 
S 11 
12 
S S 
S S S 
s44 
s44 O 
44 
X 
- -  
O 2  
3 a 
O 4  
5 
'6 
(5 
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Y 
where the  c ' s  and s ' s  are t h e  s t i f f n e s s  and compliance c o e f f i c i e n t  f o r  the  
c r y s t a l .  
When a gene ra l  stress i s  a p p l i e d  t o  a c r y s t a l ,  it i s  always p o s s i b l e  
t o  choose a r ec t angu la r  coordinate  system (not  n e c e s s a r i l y  t h e  c r y s t a l  axes) 
such t h a t  t he re  i s  ze ro  shear  s t r e s s  and t h r e e  p r i n c i p a l  stresses. L e t  
t h e  p r i n c i p a l  stress system have the  coord ina te s  XI,  y', z', t he  shea r  
stresses a r e  then a 1 = u 1 1 = a 1 1 = 0. The p r i n c i p a l  s t r e s s e s  are 
r e l a t e d  t o  the  c r y s t a l  axes by t h e  fo l lowing  equat ion .  
X Y  x z  Y Z  
2 2 2 
rl2 
yy x / x /  2/2/ 3 
2 2 2 
2 / 2 1  3 
x/x' + ay/y /  Q2 + a z / z /  Q3 (5 = u  xx 
n + n2 + 0 x/x/ 1 u = u  z z  
u = u  m + a  
u = u  
'r z 
xy x/x/ 1 y / y /  Q2m2 + a z / z /  9!3 
Q p 1  + a y / y /  Q2n2 + u 2 y  Q n  3 3 
m n  + 0 / / "$5 + ( 5 2 / 2 /  rnn 3 3 
XZ 
x/x/  1 1 y y = u  
where Q , q n  are the  d i r e c t i o n  cosines  def ined  by t h e  fo l lowing  t ransformat ion .  
. 
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It is  Qf p r a c t i c a l  i n t e r e s t  here  t o  determine the  s t r a i n  components 
f o r  h y d r o s t a t i c ,  u n i a x i a l  [ l O O ] ,  u n i a x i a l  [ O l l ]  and u n i a x i a l  [lll] stresses. 
For the  h y d r o s t a t i c  case ,  
o l - a  ' 0  = - P  2 3  
and 
a4 = (5 5 = u 6 = o .  
Solving f o r  t h e  s t r a i n s  y i e l d s  
e1  = e 2  = e3 = - (s44  + 2S12)P , 
e4 = e5 = e6 = 0 . 
Consider ' a  u n i a x i a l  compressional stress o f  magnitude T app l i ed  
In t h i s  case  1 = m = n along the  [lll] d i rec t ion .  = 1/ 6, f o r  which 1 1 1  
and 
e 1 = e  2 3  = e  = - T(Sll + 2S12)/3 y 
e4 = e5 = e6 = - T ~ ~ ~ / 3  . 
Next cons ider  a un iax ia l  compression stress of  magnitude T a p p l i e d  a long  the  
[ O l l ]  d i r e c t i o n .  In t h i s  case  1, = 0, m = J.ll?-, nl = 1/ IJ?- f o r  which 1 
and 
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e4 = - T s44 /2  e5 = e6 = 0 . 
Final ly  consider a uniaxial compression stress of magnitude T 
applied along the [loo] d irect ion.  This g ives  1 = 1 m = 0 n = 0 
for  which 
1 1 1 
and 
e 1 = -sll T , e2  = e3 = -s12 T , 
e4 I= e5 = e6 = O .  
Appendix B 
EFFECT OF STRAIN ON THE EFFECTIVE MASS 
B. 1 In t roduc t ion  
There is l i t t l e  experimental  information a v a i l a b l e  on the e f f e c t  o f  
l a r g e  s t r a i n s  (e > 1%) on the  e f f e c t i v e  mass. Cyclotron resonance measure- 
ments of the e f f e c t i v e  mass have been made on s i l i c o n  s u b j e c t e d  t o  u n i a x i a l  
stress i n  which the  s t r a i n  l e v e l s  were less than 1% [19,20,37]. I n  these  
experiments t h e  e f f e c t i v e  mass was found t o  change on ly  a few pe rcen t .  
Hasegawa [38] and Hensel and Hasegawa [19] have de r ived  t h e o r e t i c a l  expres-  
s i o n s  f o r  the effective mass of some o f  the  energy levels i n  s i l i c o n  as a 
func t ion  o f  some p a r t i c u l a r  stresses. By us ing  t h e  r e s u l t s  of t h e i r  work 
i t  can be shown t h a t  s t r a i n  i n  the  range of i n t e r e s t  he re  (es < 5%)  
produces a n e g l i g i b l e  change i n  t h e  e f f e c t i v e  mass o f  s i l i c o n  when compared 
t o  changes i n  carrier concen t r a t ion .  
S 
B.2 E f f e c t i v e  Mass of Holes i n  S i l i c o n  
The shape o f  t he  energy bands a t  the  band edge p o i n t s  determines t h e  
e f f e c t i v e  mass, i . e .  , 
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In  
* 
where m 
t h e  case  of s p h e r i c a l  bands, E a [kx + k2 + k3]/m , t h e  e f f e c t i v e  mass, m , 
i s  the  e f f e c t i v e  mass tensor  and i and j are t h e  k -d i r ec t ions .  
i j  
2 2 2 *  * 
is  independent o f  d i r e c t i o n .  Such is the  case f o r  t he  s p l i t - o f f  ho le  band 
(Ev3) i n  s i l i c o n  and germanium. The l i g h t  ho le  band (E ) can be approxi-  
mated t o  wi th in  a few pe rcen t  by a sphere [ll]. The heavy ho le  band (E ) 
is  a warped sphere.  
sphere  wi th  a r a d i u s  equal  t o  the  average r a d i u s  of  the  warped sphere [ll] 
v2 
v l  
It can a l s o  be approximated w i t h  less accuracy as a 
As discussed  i n  Chapter 11, when the  c r y s t a l  is mechanical ly  s t r a i n e d  
the  degeneracy of  t h e  r$(j = 3/2) i s  removed. 
spheres  t o  t ransform i n t o  e l l i p s o i d s  similar t o  t h a t  encountered i n  the  
conduction bands of  S i  and Ge  [38]. Hasegawa [38] has  developed a theo re t -  
ical  express ion  f o r  t h e  energy of t h e  heavy hole  band as a func t ion  of  
and t h e  magnitude o f  a u n i a x i a l  compression stress a p p l i e d  a long  the  d O O >  
axes of t h e  c r y s t a l :  
S t r a i n  causes  t h e  warped 
1 2 2 Evl =: (A - 7 BZ)k + (A + BZ)k II 1 ’  
where k i s  p a r a l l e l  t o  t h e  <loo> d i r e c t i o n  and k i s  perpendicular  t o  t h e  
<loo> d i r e c t i o n ,  A and B a r e  cons tan ts  which can be  determined exper imenta l ly  
and Z i s  the  degree of mixing between t h e  heavy ho le  band and t h e  s p l i t - o f f  
band and is given by 
II 1 
1 (B. 3) 2 1 / 2  
1 1 - 9x z = -(1 + 
(1 - 2x + 9x ) 
where 
e D  1 u  
6 
x=-, (B. 4) 
6 i s  the  sepa ra t ion  between the heavy hole  band and t h e  s p l i t - o f f  band 
(see Fig. 3). 
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Solving Eqs. (B.l) and (B.2) f o r  t h e  components o f  t h e  e f f e c t i v e  
mass t enso r  gives  
and 
2 
*-= A + B Z .  
2ml 
A "density of states e f f e c t i v e  mass", mc, can now be de f ined  i n  t h e  
same manner as i s  done f o r  t h e  conduction band, i .e.  
Hensel and Feber[37]  have determined experimental  v a l u e s  o f  A, By and DU 
as fol lows:  
A m  - 4 . 2 8  f12/2mo , 
B - - 0.75 ti'/2mo , 
DU = 2.04 ev . 
Solving the  above equa t ions  f o r  the d e n s i t y  of states e f f e c t i v e  m a s s  as a 
funct ion of s t ra in  sbws t h a t  mc changes less than 1% f o r  stress levels 
as l a r g e  as 6 x 10" dyne/cm . This change i s  n e g l i g i b l e  when compared t o  
changes i n  the  c a r r i e r  concen t r a t ion  f o r  t he  same stress. 
2 
The e f f e c t i v e  mass can a l s o  be ob ta ined  from the  theory of Hasegawa 
[38] as a funct ion o f  o t h e r  u n i a x i a l  stresses ( [ O l l ]  and [lll]). Changes 
i n  t h e  d e n s i t y  of s t a t e s  e f f e c t i v e  mass f o r  t h e s e  d i r e c t i o n s  are a l s o  found 
t o  be ve ry  s m a l l .  
B . 3  E f f e c t i v e  Mass of E lec t rons  i n  S i l i c o n  
The Hamiltonian f o r  t h e  conduction e l e c t r o n s  has  been d iscussed  i n  
Chapter 11, E q .  (2.8).  Diagonalizing the  Hamiltonian g ives  
The band edge 
l o c a t e d  a t  
It can 
p o i n t  a long  the  [loo] axis has a l r eady  been shown t o  be 
2 2  
Y 
ti k = 0 ,  
R 2 2  k Z = O .  
e seen from Eq. (B.9) t h a t  c n s t a n t  _nerg: 
(B. 10) 
s u r f a c e s  are n o t  
e l l i p s o i d s  o r  spheres  i n  k-space when t h e r e  i s  an a p p l i e d  s t r a i n .  
wants t h e  d e n s i t y  o f  s t a t e s  exac t ly ,  i t  would be necessary  t o  
use Eq. (B.9) f o r  E(;) i n  t h e  dens i ty  of states r e l a t i o n s h i p .  
would r e q u i r e  cons iderable  e f f o r t  which i s  probably unwarranted. 
I f  one 
To do t h i s  
An approxi-  
m a t e  approach i s  t o  expand E(;) i n  a Taylor series about  t h e  band edge poin t .  
Performing t h i s  expansion t o  second o rde r  powers i n  E y ie lds :  
where 6 represents t h e  s h i f t  of  the  band edge and e 
1 4 2  
I 
(B. 12) 
This  approach has been taken by Hensel and Hasegawa [19] and they 
a i s  given approximately by 
f i n d  t h a t  
(B. 13) 
An a n a l y s i s  of  Eq. ( B . l O )  shows t h a t  as e 
This  means t h a t  E ( E )  becomes independent o f  K 
K f o r  t he  s t r a i n  l e v e l .  Therefore  one would n o t  expec t  Eq. ( B . l l )  t o  hold 
nea r  t h i s  s t r a i n  level. 
i s  expected t o  be a good approximation. 
--t AE/2[]:, ( K ~ ) ~ ~ ~ -  0. 
t o  second o r d e r  powers i n  
4 
X 
X 
For s t r a i n s  below the  above c r i t i c a l  va lue  Eq. (B.11)  
Taking the d e r i v a t i v e s  of Eq. ( B . l l )  and s o l v i n g  f o r  t he  components 
o f  t he  e f f e c t i v e  mass t enso r  y i e l d s  ; 
1 - * 
m 
i j  
0 
0 
0 0 
ae4 (B. 14) 
as expected t h e r e  a re  terms i n  t h e  t enso r  which are non-zero f o r  t h e  o f f  
d iagonal  e lements .  This  is handled i n  the  usua l  manner (d i agona l i z ing  t h e  
t enso r )  which y i e l d s  
I 
b 
1 
mkl  
-P * 
0 
0 
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. 0 . 1 5 )  
where k and 1 are d i f f e r e n t  from i and j and are used t o  show t h a t  t h e  new 
coord ina te  system i s  d i f f e r e n t  from t h e  o l d  x, y, z system. 
The inve r se  d e n s i t y  of  states e f f e c t i v e  m a s s  i s  
Rewri t ing Eq. (B.16) i n  terms of t h e  s t r a i n  g ives  
1 
[I - (~[]:/AE) 2 2  e4] [l - m 2 2 2  a e ]
4 
(B. 16) 
(B. 1 7 )  
* 
C 
where m ( 0 )  i s  t h e  uns t r a ined  e f f e c t i v e  mass. Using the  experimental  va lue  
[19] 
band parameter g ives  
mo = 16.4 and s u b s t i t u t i n g  i n t o  Eq. (B.17) the  va lues  of t h e  o t h e r  
1 
2 2 (1 - 520 e4) (1 - 268 e4) (B. 18) 
Refe r r ing  t o  Eq. (B.17) i t  i s  seen t h a t  t h e r e  are two s i n g u l a r i t i e s  
i n  the  e f f e c t i v e  mass equat ion ,  
expanded i n  a Taylor  series and accounts  on ly  f o r  second o rde r  power I s  k. 
It is seen t h a t ,  i n  f a c t ,  i f  t h e  shear  s t r a i n  i s  less than about  2 percent ,  
This  i s  n o t  unexpected s i n c e  t h e  energy was 
- 
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t h e r e  i s  a n e g l i g i b l e  e f f e c t  on the  e f f e c t i v e  mass. 
s t a t i c  pressures  t h e  shea r  i s  ze ro  and hence the  e f f e c t i v e  m a s s  i s  indepen- 
den t  o f  s t r a i n ,  
I n  t h e  case o f  hydro- 
B . 4  Summary 
The above t rea tment  o f  t he  v a r i a t i o n  of e f f e c t i v e  mass w i t h  s t r a i n  
f o r  s i l i c o n  i s  by no means complete. 
s t r a i n  levels below a few p e r c e n t , e f f e c t i v e  mass changes are n e g l i g i b l e .  
Although no t reatment  has been given f o r  germanium, i t  i s  expected t h a t  
germanium w i l l  behave s i m i l a r l y  t o  s i l i c o n .  
preceding d iscuss ion  i s  the  f a c t  t h a t  experimental  measurements made on 
the  e l e c t r i c a l  parameters o f  p-n junc t ion  devices  sub jec t ed  t o  mechanical 
stress i n d i c a t e  t h a t  e f f e c t i v e  mass v a r i a t i o n s  are a t  least  second o r d e r  
when compared t o  c a r r i e r  d e n s i t y  v a r i a t i o n s .  
It does however i n d i c a t e  t h a t  f o r  
More important  than the  
Appendix C 
EFFECT OF STRAIN ON THE MINORITY CARRIER LIFETIME, 
CARRIER MOBILITIES, DIFFUSION CONSTANTS AND 
DIFFUSION LENGTHS 
* 
C. 1 Minor i ty  Carrier L i f e t ime  
The minor i ty  carrier l i f e t i m e  of a semiconductor,  based on a s i n g l e  
t r a p  l e v e l  l oca t ed  i n  t h e  forbidden band [33], i s  given by [39] 
7 + nl) + 7,,(P + P,) 
- r =  
n + P  
where n and p are the  r e spec t ive  e l e c t r o n  and hole  concen t r a t ions  i n  t h e  
p a r t i c u l a r  semiconductor. 7 
e l e c t r o n s  i n  h igh ly  n- and p-type materials r e s p e c t i v e l y .  
and T~~ are the  l i f e t i m e s  o f  ho le s  and 
PO 
Both z and 
P O  
are i n v e r s e l y  p ropor t iona l  t o  the  t r a p  d e n s i t y  [39]. 
Eq. ( C . l )  are given by [33]. 
nl and p i n  
‘no 1 
nl = n i exp[(Ei - Et)/kT] , 
p1 = ni exp[ (Et - Ei)/kT] , 
where Et  i s  t h e  energy o f  t h e  t r a p  level and E 
s ic  Fermi level. 
is  the  energy of  t h e  i n t r i n -  i 
* 
The presen t  t reatment  of minor i ty  carrier l i f e t i m e  is c l o s e l y  
r e l a t e d  t o  the  treatment of  generat ion recombination c i i r r e n t   give^ i n  
Appendix E. 
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It i s  seen from Eq. (C.l)  t h a t  i f  t h e  material i s  h igh ly  n- o r  p-type, 
t he  l i f e t i m e  expression reduces t o  e i t h e r  7 
l a t t e r  two q u a n t i t i e s  can be neglec ted ,based  on t h e  arguments presented  i n  
Sec t .  3 . 3  ; namely, t he  d e n s i t y  of generat ion-recombinat ions c e n t e r s  i s  n o t  
changed by s t r a i n .  
The l i f e t i m e s ,  T~ and z 
c u r r e n t  are t h e  l i f e t i m e s o f  e l e c t r o n s  a t  t h e  edge o f  t he  dep le t ion  r eg ion  
on t h e  p s i d e  of t h e  junc t ion  and of  t he  ho le s  a t  t h e  edge o f  t h e  dep le t ion  
r eg ion  on the  n s i d e  o f  t h e  junc t ion  r e s p e c t i v e l y .  
t he  p r e s e n t  purposes t h a t  t h e  material a t  t h e  edges of  t h e  dep le t ion  r eg ions  
i s  doped heavi ly  enough so t h a t  t h e  l i f e t i m e s  are independent of  the  carr ier  
concen t r a t ions  n, p ,  nl and p 
t h e  l i f e t i m e  o f  c a r r i e r s  i n s i d e  the  dep le t ion  r eg ion  are accounted f o r  i n  
t h e  theory  of  generat ion-recombinat ion c u r r e n t s  (see Appendix E and Sec t .  
o r  T ~ ~ .  Any changes i n  t h e  
PO 
The cap tu re  c r o s s  s e c t i o n  i s  assumed t o  remain cons tan t .  
which appear i n  t h e  theory  o f  t h e  " ideal"  j unc t ion  
P' 
It w i l l  be assumed f o r  
The e f f e c t s  of  s t r a i n  induced changes i n  1' 
3 . 3 ) .  
Matukura [40] has measured the l i f e t i m e  o f  minor i ty  carriers i n  
s t r e s s e d  and uns t ressed  s i l i c o n  p-n junc t ions .  He found t h a t  t h e  l i f e t i m e  
decreased 10 t o  30 pe rcen t  f o r  t he  s t r e s s e d  diodes.  I n  h i s  experiments  a 
diamond needle  was used t o  in t roduce  a high stress l e v e l  over  a s m a l l  
r eg ion  of t h e  p-n j u n c t i o n  area. 
i n j e c t i n g  minori ty  carriers w i t h  a l a r g e  forward b i a sed  c u r r e n t  pulse .  
Following the  c u r r e n t  pu l se ,  t h e  decay t i m e  was measured. 
l i f e t i m e  w a s  found to  be 0.3 p-seconds. 
decay t i m e  w i t h  the a p p l i c a t i o n  o f  s t r a i n  is  due t o  a change i n  the  
l i f e t i m e  of  c a r r i e r s  i n  the  s t r a i n e d  area only ,  i t  i s  found t h a t  t h e  l i f e t i m e  
i n  the  s t r a i n e d  ma te r i a l  i s  reduced to  p-seconds! Phys ica l ly ,  t h i s  
The l i f e t i m e  was measured by f i r s t  
The uns t r a ined  
Assuming t h a t  t h e  change i n  t h e  
14 7 
va lue  i s  n o t  acceptab le .  The results of  t h i s  experiment can be expla ined  
by n e g l e c t i n g  changes i n  l i f e t i m e  i n  favor  o f  energy band changes. 
C.2 Mobi l i ty  
Much work has been done on t h e  p i e z o r e s i s t a n c e  p r o p e r t i e s  o f  
germanium and s i l i c o n  [41,42,43,44,45,46]. This  work, however, has  
been concerned mainly wi th  low s t r a i n ,  i . e . , s t r a i n  l e v e l s  low compared 
t o  the  levels of  i n t e r e s t  here .  The p i ezo res i s t ance  e f f e c t  i n  many-valley 
semiconductors (n-type G e  and Si )  i s  expla ined  by the  deformation p o t e n t i a l  
theory  [41,42]. 
re la t ive populat ion and depopulat ion o f  t he  v a l l e y s  i n  t h e  conduction 
band w i t h  s t r a i n  as d iscussed  i n  Chapters I1 and 111. 
The major e f f e c t  has  been found t o  r e s u l t  from t h e  
For low s t r a i n  l e v e l s ,  the re la t ive change i n  the  r e s i s t i v i t y  o f  
germanium and s i l i c o n  has  been found t o  be d i r e c t l y  p ropor t iona l  t o  s t r a i n .  
The p r o p o r t i o n a l i t y  cons t an t  or e l a s t o r e s i s t a n c e  c o e f f i c i e n t  i s  on the  
o r d e r  o f  175 f o r  e x t r i n s i c  s i l i c o n  and -150 f o r  e x t r i n s i c  germanium[43] 
For s i l i c o n  t h i s  g ives  
Lb r~ 175 S 
CI 
where p is the  m o b i l i t y  of the m a j o r i t y  c a r r i e r s  and S i s  t h e  s t r a i n .  
The re la t ive change i n  mobi l i ty  i s  seen t o  have a s m a l l  e f f e c t  compared t o  
t h a t  of  minor i ty  c a r r i e r  changes. 
It i s  the  minor i ty  c a r r i e r  m o b i l i t y  t h a t  i s  of  i n t e r e s t  here .  It 
w i i i  be a a s ~ e d  that  changes i n  the  minor i ty  carrier m o b i l i t y  are of  t h e  
same o r d e r  of  magnitude as t h a t  f o r  m a j o r i t y  carriers. This i s  probably 
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a good assumption s i n c e  the  ma jo r i ty  carrier mob i l i t y  changes mainly due t o  
re la t ive changes i n  t h e  d e n s i t y  of  carriers a t  t h e  band edge p o i n t s  whi le  
f o r  minor i ty  c a r r i e r s  t he  dens i ty  of  t he  carriers are s m a l l  t o  begin wi th  
and t h e r e f o r e  would have l e s s  i n f luence  on t h e  mob i l i t y .  
It should a l s o  be noted t h a t  t h e  relative change i n  r e s i s t a n c e  
tends t o  s a t u r a t e  below the  s t r a i n s  of  i n t e r e s t  here .  This  comes about  
because r e l a t i v e l y  s m a l l  changes i n  the  energy l e v e l s  cause a l l  t h e  m a j o r i t y  
carriers t o  occupy c e r t a i n  v a l l e y s  whi le  l eav ing  the  o t h e r  v a l l e y s  empty. 
S t r a i n s  above those r equ i r ed  t o  empty t h e  v a l l e y s  have l i t t l e  e f f e c t  on 
the  mob i l i t y .  
C. 3 Diffus ion  Coef f i c i en t s  
The minor i ty  carrier d i f f u s i o n  c o e f f i c i e n t s  are d i r e c t l y  p ropor t iona l  
t o  t h e  minor i ty  c a r r i e r  m o b i l i t i e s  (D = pkT/q). As discussed  i n  Sec t .  C . 2  
above, t h e  minor i ty  c a r r i e r  mob i l i t y  i s  expected t o  be r e l a t i v e l y  i n s e n s i t i v e  
t o  s t r a i n - - e s p e c i a l l y  when compared t o  minor i ty  carrier d e n s i t y  changes. 
Changes i n  the  d i f f u s i o n  c o e f f i c i e n t s  w i th  s t r a i n  are t h e r e f o r e  expected t o  be 
n e g l i g i b l e .  
C. 4 Diffus ion  Length 
The d i f f u s i o n  l eng ths  L and Ln are p r o p o r t i o n a l  t o  t h e  square  r o o t  
P 
o f , p  T and p n ~ n  r e spec t ive ly .  Changes wi th  s t r a i n  o f  bo th  m o b i l i t y  and 
l i f e t i m e  have been d iscussed  above and i t  was concluded t h a t  t h e  changes 
were n e g l i g i b l e  compared t o  o t h e r  parameter changes. 
due t o  the  changing energy levels which produce a " q u a s i e l e c t r i c "  f i e l d  
P P  
Another e f f e c t  arises 
I - .  
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a c t i n g  on t h e  m i n o r i t y  carrier [ 4 7 ] .  
d i f f u s i o n  l e n g t h  must be used which inc ludes  the  d r i f t  f i e l d  e f f e c t .  
The " q u a s i e l e c t r i c "  f i e l d  w i l l  have an e f f e c t  similar t o  a b u i l t - i n  
e l e c t r i c  f i e l d .  The f i e l d  i s  d i r e c t l y  p r o p o r t i o n a l  t o  the  band gap 
changes and thus  d i r e c t l y  p ropor t iona l  t o  s t r a i n .  
w i l l  be neg lec t ed  compared t o  the exponen t i a l  changes o f  t h e  minor i ty  
carrier dens i ty .  
This  means t h a t  an e f f e c t i v e  
These l i n e a r  changes 
* -  
Appendix D 
EFFECT OF LARGE STRAINS ON CONDUCTIVITY 
Most of t h e  p i e z o r e s i s t a n c e  work which was c i t e d  i n  Appendix C 
has been concerned wi th  conduc t iv i ty  and r e s i s t i v i t y  changes as a func t ion  
of  s t r a i n ,  Again t h i s  work has  been f o r  low s t r a i n  levels i n  e x t r i n s i c  
material such t h a t  t he  c a r r i e r  d e n s i t y  was determined by the  impuri ty  
d e n s i t y  and was independent o f  s t r a i n .  As  po in ted  o u t  i n  Chapter 111, 
t he  minor i ty  carrier d e n s i t y  i n  e x t r i n s i c  material can change by several 
o r d e r s  of  magnitude f o r  l a r g e  s t r a i n  levels. Also i n  i n t r i n s i c  material 
both t h e  ho le  and e l e c t r o n  d e n s i t i e s  can change w i t h  s t r a i n .  
For t h e  p re sen t  purposes i t  w i l l  be assumed t h a t  m o b i l i t y  i s  indepen- 
dent  of  s t r a i n .  The conduc t iv i ty  i s  
(J - "SIn + PqPp 
For the  case  o f  i n t r i n s i c  material  (n 2: p) the  conduc t iv i ty  express ion  
reduces t o  
(J = ns(Pn + PPI 
From Eqs. (3.11) and (3.12) 
2 2 
i o  v p n = n  r ( e 1 - n  . 
The c o n d u c t i v i t y  then reduces to  
o r  
Since y (e) can change by o r d e r s  of magnitude wi th  high s t r a i n  levels, t h e  
c o n d u c t i v i t y  of i n t r i n s i c  m a t e r i a l  can a l s o  change by o r d e r s  of magnitude. 
v 
I n  the  case of e x t r i n s i c  material, p-type f o r  example, t h e  hole  
d e n s i t y  i s  approximately 
and (D.3) g ives  
The c o n d u c t i v i t y  is then 
'I 
equa l  t o  N S u b s t i t u t i n g  t h i s  i n t o  Eqs. ( D . l )  A' 
2 
i o  
n 
(Do 6 )  - qpn 7,(e) + NA 4Pp 
NA 
expected t o  change wi th  s t r a i n  i n  e x t r i n s i c  material 
A' when n L  7 (e) approaches t h e  same o r d e r  of magnitude as N i o  v 
Large changes i n  the conduc t iv i ty  of =ear i n t r i n s i c  germanium have 
been observed f o r  l a r g e  s t r a i n  levels by Graham, Jones and Holland [ 4 8 ] .  
I n  t h e i r  experiments ve ry  l a r g e  s t r a i n s  were se t  up i n  t h e  sample by shock 
waves. 
Appendix E 
SPACE CHARGE GENERATION-RECOMBINATION 
CURRENT I N  P-N JUNCTIONS 
Space charge generat ion-recombinat ion c u r r e n t  can be important  i n  
p-n j u n c t i o n s  ( p a r t i c u l a r l y  i n  s i l i con )  [33]. This  c u r r e n t  adds t o  the  
" idea l"  o r  d i f fus ion  c u r r e n t  which i s  p red ic t ed  by t h e  Shockley theory.  
I n  a p-n junc t ion  i n  which t h e r e  i s  a s i n g l e  t r a p  level loca ted  i n  the  
forbidden band, t h e  s t eady  s ta te  recombination ra te  U f o r  ho le s  o r  e l e c t r o n s  
i s  [33].  
where p i s  the  dens i ty  o f  ho le s  i n  t h e  va lence  band when the  Fermi level 
f a l l s  a t  t h e  t r a p  level,  nl i s  t h e  dens i ty  of e l e c t r o n s  i n  the  conduction 
band when the  Fermi l e v e l  f a l l s  a t  the  t r a p  level, 
e l e c t r o n s  i n j e c t e d  i n t o  h igh ly  p-type material, and T i s  t h e  l i f e t i m e  f o r  
ho les  i n j e c t e d  i n t o  h ighly  n-type material. 
problem and has obtained an approximate s o l u t i o n  f o r  t he  genera t ion-  
recombination cu r ren t ,  The d i scuss ion  t o  fo l low i s  a review of  h i s  work. 
1 
is  the  l i f e t i m e  f o r  'no 
PO 
Hauser [ 3 4 , 4 9 ]  has  t r e a t e d  t h i s  
The ho le  and e l e c t r o n  c u r r e n t s  are given by 
and 
153 
Jn = qpnnE + qDndn/dx , (E. 3) 
where E i s  t h e  e l e c t r i c  f i e l d  a t  x. The c o n t i n u i t y  equa t ions  f o r  s t e a d y  
state are 
and 
Figure 72 i s  a ske tch  of t h e  j u n c t i o n  which shows the two r eg ions  
(n and p) and the  space charge region where t h e  width of t he  space charge 
r eg ion  i s  W. I n t e g r a t i n g  Eqs. ( E . 4 )  and (E.5)  over t h e  space charge r eg ion  
g ives  
(E. 6 )  
W 
Jp(W) = Jp(0) - 4 Io U dx 
and 
(E. 7) 
W 
Jn(0) = Jn(W) + q Io U dx 
The t o t a l  c u r r e n t  d e n s i t y  is obtained by adding t h e  hole  c u r r e n t  d e n s i t y  
and t h e  e l e c t r o n  c u r r e n t  densi ty  a t  any p o i n t  x, f o r  example x = 0. 
This g ives  
W 
J = Jn(0) + J (0) = Jn(0) + J p ( W )  + q I, U dx 
P 
o r  
J =  J I +  ju 
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Space Charge Region 
m 
x = o  x = w  
F ig .  72, Generation-Recombination J u n c t i o n  Model. 
where JI i s  the  "ideal" o r  d i f f u s i o n  c u r r e n t  d e n s i t y  and Ju i s  t h e  gene ra t ion -  
recombination c u r r e n t  d e n s i t y  given by 
(E. 10) 
I n  t h e  space charge r eg ion  J and J 
P n 
are small compared t o  t h e  d r i f t  
and d i f f u s i o n  terms which reduces Eqs. (E.2) and (E.3) t o :  
(E. 11) 
* -  
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and 
, -  
I .  
-ClnnE - Dndn/dx . (E. 12) 
Using E i n s t e i n ' s  r e l a t i o n  (D = pkT/q) and s o l v i n g  Eqs. ( E . l l )  and (E.12) 
f o r  t he  ho le  and e l e c t r o n  d e n s i t i e s  g ives  
p = C1 exp[-qV/kT] (E. 13) 
and 
n = C2 exp[qV/kt] . 
It can be shown t h a t  [49] 
2 
pn n i exp[qVa/kT] , 
where V i s  t h e  a p p l i e d  j u n c t i o n  vo l t age .  a 
S u b s t i t u t i n g  Eqs. ( E . l )  and (E.15) i n t o  Eq. (E.lO) g ives  
(E. 14) 
(E. 15) 
t 
A n  e x p l i c i t  e v a l u a t i o n  o f  t he  i n t e g r a l  i s  n o t  p o s s i b l e  because the  hole  
and e l e c t r o n  d e n s i t i e s  are a funct ion of the a p p l i e d  vo l t age .  Seve ra l  
important ca ses  can be analyzed however. F i r s t ,  cons ide r  t he  case f o r  
1' l a r g e  reverse b i a s  such t h a t  qVa/kT << 1. 
I n t e g r a t i n g  Eq. (E. 16) g i v e s  
I n  t h i s  case p << p and n << n 1 
(E. 1 7 )  
The width of the space charge region W i n  Eq. (E .17)  i s  a func t ion  o f  t he  
a p p l i e d  v o l t a g e  Va. 
15 6 
I 
For the case of  a s t e p  junc t ion  
w = W0(l - Va/V0) 1 / 2  
2 (E. 18) 
where Wo i s  the wid th  o f  t he  space charge r eg ion  wi th  ze ro  a p p l i e d  vo l t age  
and V i s  t h e  b u i l t - i n  junc t ion  p o t e n t i a l .  
0 
A second case of  i n t e r e s t  i s  f o r  l a r g e  forward b i a s  such t h a t  
qVa/kT >> 1, for  which 
p NN n = n i exp{qVa/2kT) , (E. 19) 
where p >> p1 and n >> n 
c u r r e n t  d e n s i t y  becomes 
Under these  cond i t ions  the  generat ion-recombinat ion 1' 
q ni 
- W exp{qVa/2kT) . 
+ T  
J~ 'no po 
(E. 20) 
Again W i s  a func t ion  o f  t h e  a p p l i e d  vo l t age .  
The t h i r d  case which can be so lved  i s  t h e  s m a l l  forward b i a s  case 
such t h a t  p << p, and n << n, f o r  which 
I I 
[exp{qVa/kT) - 11 . (E. 21) 
The above t h r e e  s p e c i a l  ca ses  are o f  p a r t i c u l a r  i n t e r e s t ;  however, 
it would be d e s i r a b l e  t o  o b t a i n  a s o l u t i o n  which i s  v a l i d  f o r  a l l  v a l u e s  of 
a p p l i e d  vo l t age .  Although Eq. (E.16) cannot  be so lved  i n  gene ra l ,  l i m i t s  
can be e s t a b l i s h e d  on the  c u r r e n t  dens i ty .  
i n t e g r a l  term of  Eq. (E.16) 
Consider t h e  denominator o f  t h e  
(E. 22) 
. 
. -  -I 
15 7 
where 
and 
n = n exp{-qV/kT) (E. 24) n 
where p and n are t h e  hole  and e l e c t r o n  d e n s i t i e s  i n  the j u n c t i o n  a t  t h e  
p o i n t  where the  v o l t a g e  i s  V and p and n are the d e n s i t i e s  on t h e  n - s i d e  
o f  t h e  junc t ion .  The func t ion  f(V) has a minimum value f o r  some va lue  o f  
v o l t a g e  V. The minimum can be found i n  t h e  usua l  manner, i . e .  
n n 
a f c n  = o =  
9, exp{qV/kTl - Tpo nn e kT exp {-qV/kT) av 'no 'n kT 
or 
' n 1 / 2  
'no Pn 
exp{qV/kT) = (& - A) 
Therefore  
f(V) 2 7 {rC+ P1l + T p o I ~ G T - -  + n11 no "nPn po no no PO 
o r  
S u b s t i t u t i n g  Eq. (E. 27) i n t o  (E. 16)  and i n t e g r a t i n g  g i v e s  
(E. 25) 
(E. 26) 
(E. 27) 
(E. 28) 
(E. 29) 
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An inspec t ion  of  Eq. (E.29) shows t h a t  f o r  l a r g e  reverse b i a s  the  
l i m i t  i s ,  i n  f a c t ,  equa l  t o  the  exac t  va lue  found ear l ie r ,  Eq. (E .17 ) .  
For l a r g e  forward b i a s  Eq. (E.29) becomes 
q n,W exp(qVs/2kT) 
(E. 30) 
4‘ ’ 
PO no 
By comparing Eq. (E.29) w i t h  t h e  exact va lue  given i n  Eq. (E.20), it is 
found t h a t  i f  ~ T ~ ~ T L ~  is  rep laced  by (z
give  the  same value.  
+ zno) then the  two equat ions  
PO 
As an approximation t h e  recombinat ion-generat ion 
c u r r e n t  d e n s i t y  i s  equal  t o  t h e  l i m i t i n g  va lue  given i n  Eq. 
2 
q n, W[exp(qV_/kT) - 11 
(E. 29) w i t h  
(E. 31) 
Comparing t h e  r a t i o  (z + 7 )/(T z w e  see t h a t  i f  T = 
PO no PO no po ‘no 
then the  r a t i o  i s  equal  t o  2. I f  however z = 1Oz 
ll& N 3 .  
t h e  r a t i o  i s  equa l  t o  
no PO 
The e r r o r  in t roduced  by making the  s u b s t i t u t i o n  i n  Eq. (E.30) i s  
then expected t o  be  less than a f a c t o r  of  2 f o r  ‘C = z and less than 
3 f o r  zno = 10zpo. 
PO no 
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